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Abstract

Bioscientists such as geneticists and molecular biologists regularly demonstrate the
integration of domain concepts and science inquiry practices/skills while explaining a
natural phenomenon. The complexity of these concepts and skills becomes manifold
at the tertiary undergraduate level and are known to be challenging for learners.
They learn these in silos as part of theory classes, practical labs, and tutorial sessions
while in an industry, they will be required to integrate and apply in a given
authentic context. To support learners in this process, we have designed and
developed Geneticus Investigatio (GI), a technology-enhanced learning (TEL)
environment for scaffolding complex learning in the context of Mendelian genetics.
GI facilitates this complex learning by the integration of domain concepts and
science inquiry practices through inquiry-driven reflective learning experiences,
which are interspersed with inquiry-based learning steps in an authentic context
along with metacognitive reflection. In this paper, we present two cycles of iterative
design, development, and evaluation of GI, based on the design-based research
(DBR) approach. In the first DBR cycle, we identified the pedagogical design features
and learning activities of GI based on an exploratory study with bio-science
instructors for facilitating complex learning. We then report a pre-post classroom
study (N = 37) in which we investigated the learning and perceptions of usability
and usefulness of GI. The results indicate high learning gains after interacting with GI
and learner perceptions that activities in GI help learn concepts and inquiry practices
along with its integration. It is followed by the identification of interaction and other
difficulties by the learner, which were triangulated with different data sources. It
provided insights into the pedagogical and design changes required in GI. The
revised version of GI was evaluated with a quasi-experimental classroom study (N =
121). The results indicate that the drawbacks of the previous version of GI were
addressed. The main contributions of this research are a pedagogical design for
facilitating complex learning and its implementation in the form of GI TEL
environment.
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Introduction
Bioscientists regularly evaluate the effect of a phenomenon across biological levels and

understand the inheritance patterns, study structure, function, and growth of living

organisms and others (Hoskinson et al. 2013). For example, topics like patterns of in-

heritance may be explained based on Mendelian or deviation from Mendelian inherit-

ance and encompass a variety of concepts related to the breeding context of plants and

animals. It involves relations between the events of different levels of biological organ-

isation hierarchy from molecular to sub-cellular to organismic level. An example of

such a problem in Mendelian genetics is as follows ‘A plant geneticist has two pure

lines, one with purple petals and one with blue. She hypothesises that the phenotypic

difference is due to two alleles of one gene. To test this idea, she aims to look for a 3:1

ratio in the F2. She crosses the lines and finds that all the F1 progeny are purple. The

F1 plants are selfed, and 400 F2 plants are obtained. Of these F2 plants, 320 are purple,

and 80 are blue. Do these results fit her hypothesis well? If not, suggest why.’ To solve

such a problem, a scientist requires an understanding of basic concepts of genetics,

knowledge of statistical tests, science inquiry practices of hypothesis testing, and revi-

sion. To solve such problem, one has to understand, apply, and integrate these by per-

forming complex cognitive processes which are also known as complex learning.

Examples of such cognitive processes are sense-making and interpretation done while

understanding the problem context and hypothesis. Learners have to state the assump-

tions while testing the hypothesis, along with declaring the dependent and independent

variable, also, reasoning for designing an experiment along with evaluation for compar-

ing the result of the expected and observed values. It is followed by the cognitive

process of decision-making where one has to conclude about the hypothesis based on

the evaluation. Besides these, learners perform the cognitive process of metacognition

and transfer of learning where they reflect on planning and solving similar problems.

Such problems are also part of an undergraduate curriculum, and a learner learns

the concepts of genetics as part of theory class, knowledge about statistical tools as

part of tutorial sessions, and science inquiry practices in the practical labs. Besides

this, such integration of concepts and skills is expected in learners while doing

research projects or working in labs or biotech industry. Hence, they must learn

the integration of concepts and skills as part of their undergraduate training. Such

authentic scientific practices are common in many STEM domains. To perform

such scientific exercises, an undergraduate learner is required to perform a com-

plex cognitive process of integrating domain concepts and skills, also known as

complex learning (van Merriënboer & Dolmans, 2015). Besides this, he/she is also

expected to transfer and apply this complex learning to a novel scenario. Learners

in undergraduate programmes learn the concepts and skills in silos as part of the-

ory classes, practical labs, and tutorial sessions. Hence, it is difficult for them to

connect these, and there are few instances in existing curricula where they are

explicitly asked to do so (Hester et al. 2018). Demonstrating complex learning is

especially challenging at the tertiary level because of the complexity and variety of

domain concepts and skills. Also, adapting the curriculum to facilitate complex

learning is difficult because a teacher often does not have enough flexibility to

change the curriculum (Guan et al. 2014). So there is a need for a solution that

facilitates the complex learning which is aligned to the curriculum content.
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Research suggests utilising the affordances of technology-enhanced learning (TEL)

environments in facilitating complex learning by providing overall structure to the

learning activities, immediate and personalised feedback, reflective and evaluative ques-

tion prompts, and so on. Several inquiry-based learning environments focus on devel-

oping such learning, for example, WISE (Slotta 2002) and Geniverse (Concord

consortium 2010). Hence, what is required is a TEL environment which requires a

learner to simultaneously engage with inquiry practices, statistical procedures, and

domain concepts. Learners have to work on activities explicitly and deliberately inte-

grating practices and concepts or three (practices, concepts, and statistical procedures)

individually as well as in an integrated manner. Our proposed TEL environment Genet-

icus Investigatio (GI) is designed for tertiary-level biology undergraduates with a focus

on facilitating complex learning by applying concepts of genetics, understanding of ba-

sics of statistics with integrated science inquiry practices. Modules in GI are related to

the domain of basic genetics, which is commonly studied by undergraduates of all the

bio-science disciplines. Learning activities in GI emphasise the integration of concepts

across the required topics, along with science practices through inquiry-driven reflect-

ive learning experiences.

One design consideration in the development of GI was to make it easily accessible

to learners in college classrooms or outside and to make it adaptable to different topics

if instructors wished to add or edit content, learning activities, or problems in other

topics. GI has thus been developed using Google sites and H5P (Jouble, 2013) as a

web-based learning environment, which is known to be convenient to access digital

content by learners and teachers alike (Yin et al., 2017). It is browser-based and works

on laptops, tablets, or mobile phones. Learners can use it easily in classroom settings or

anywhere else and only need a device and wireless connection. Teachers can adapt it

quickly since it does not require advanced computer knowledge.

In this paper, we present a pedagogical design for facilitating complex learning in the

context of genetics, which is a compulsory foundational course for undergraduate bio-

science learners, and its implementation in the GI-TEL environment through two

design-based research cycles (McKenney & Reeves, 2014). In the first DBR cycle, we

identified the pedagogical design features and learning activities of GI based on a litera-

ture review and an exploratory study with bio-science instructors. Next, we report a

pre-post classroom study (N = 37) with the research goal of investigating the complex

learning and perceptions of usability and usefulness of GI. The results indicate high

learning gains with GI and learner perceptions of how learning activities in GI help

learn concepts and science inquiry practices. We present our reflection about the inter-

action and other difficulties faced by the learner from the first cycle. It provided in-

sights into the pedagogical and design changes required in GI, and the revised version

of GI was evaluated by a quasi-experimental classroom study (N = 121). The results in-

dicate that the drawbacks of the previous version of GI were addressed.

Literature review
Complex learning through problem-solving

One of the principal goals of science education has been training learners in demon-

strating complex cognitive processes of integrating concepts and skills. Science and
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engineering graduates are expected to demonstrate and apply this as prescribed by dif-

ferent bodies such as Next Generation Science Standards (Nextgenscience.org, 2020)

(https://www.nextgenscience.org/) and Accreditation Board for Engineering and Tech-

nology (ABET) (Shuman, Besterfield-Sacre & McGourty, 2005). Applying such complex

learning has been deemed important not only by educators but also by industries while

hiring (Lang et al., 1999). Researchers and theorists have made remarkable progress in

identifying and characterising these complex cognitive processes. Some of them include

identifying learners’ difficulties in diverse contexts and proposing instructional design

phases and associated learning activities (van Merriënboer & Dolmans, 2015). The driv-

ing force of this complex learning is authentic learning tasks with the integration of

concepts and skills to facilitate the transfer of what has been learned to new and often

unique tasks and problem situations (van Merriënboer, 2007). Learning tasks for apply-

ing complex learning can be in a project, tasks, cases, problems, etc.

An example in genetics is the following: While breeding for the desired characteris-

tics in offspring, breeders need to know which parents to choose, i.e. which characteris-

tics in parents to cross and they conduct genetic experiments while planning any

breeding. To identify the characteristics of parents, one has to find the underlying rea-

son behind these inheritance patterns of characters. So, one has to integrate genetics

concepts with science practices and statistics related such as calculating chi-square

value and identifying the degree of freedom. As part of the three-dimensional Next

Generation Science Standards (NGSS), science inquiry practices include forming test-

able questions, carrying out experiments, analysing/interpreting data, warranting claims

with evidence, and communicating findings. However, in typical undergraduate curric-

ula, learners encounter the required concepts and practices in silos. Thus, learners lack

an integrated perspective while solving problems. An important difficulty reported

among undergraduate learners is the complex learning of genetics, which occurs via

rote application of procedural steps without a comprehensive conceptual understanding

(Karagoz & Cakir 2011). Another example is finding the inheritance patterns where

they have to solve problems that are either cause-effect problems (closed problems) or

effect-cause problems (open problems) (Orcajo & Aznar 2005). Many such scenarios in

genetics deal with multiple possible reasons underlying the observations.

Besides this, complex learning is essential in the context of understanding or doing

science by the learners, which is the core practice in science education. It helps in es-

tablishing the feasibility/correctness of a hypothesis, eliminates candidate hypothesis/

set of results, and compares predicted/observed results. It also allows learners to de-

velop an in-depth understanding of the subject (Cooper, Hanmer, & Cerbin, 2006).

Solving such problems requires learners to integrate concepts and practices, which be-

comes a daunting task. Hence, there is a need for scaffolding learners during complex

learning.

TEL for scaffolding complex learning during problem-solving

Researchers and educators have developed TEL environments that address one or more

aspects of complex learning. Decades of research into science inquiry learning have

given us insights into the nature of learning and challenges, design of learning environ-

ments to support learners (Bransford, Brown, & Cocking, 2000), and principles for
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scaffolds (Quintana et al., 2004). Researchers have identified numerous tools and

guidelines to support teaching-learning in technology-rich classrooms (Demetriadis,

Papadopoulos, Stamelos, & Fischer, 2008). Some examples of guidelines are related to

learners’ control over the goals, content, actions, strategies, opportunities for reflection,

and opportunities for monitoring their learning progress. Besides these, technology

tools are available to facilitate direct instruction (procedural or meta-cognitive

guidance), access to content (fixed or dynamic), data collection (cooperative or collab-

orative), peer-to-peer communication (asynchronous or synchronous), and contextual

support (augmented or immersive experience).

Affordances of TEL environments have been used to develop scientific inquiry skills

similar to scaffolding complex learning during problem-solving. Among them are WISE

(Slotta 2002), Go-Labs (De Jong et al., 2014), Apple Tree (Chen et al. 2013), and

Geniverse (Concord consortium 2010). Most of this research has been in topics for the

middle and high school levels. These technology solutions are shown to be effective in

the learning of inquiry skills (Lazonder & Harmsen, 2016; Suárez et al. 2018). Learners

require scaffolds at various places during the problem-solving process. These scaffolds

can be in the form of feedback, access to domain concepts, etc. An example of feedback

could be in the form of guiding questions for reflection or identification of possible

mistakes. Existing learning environments in genetics which meet some of these require-

ments are Genetics with Jean (Thompson & McGill 2017), an affective tutoring system

to teach the concepts of genetics. Another case-based laboratory simulation was built

for learning core concepts and skills in medical genetics (Makransky et al. 2016). These

environments are to be used either online or can be downloaded. Most of these learn-

ing environments have to be installed on a PC or laptop. Apart from this, the teacher

has to have advanced computer knowledge to interact and troubleshoot on the go while

interacting with the learning environments.

Some features from these learning environments, such as scaffolds and question

prompts (Xun & Land, 2004), could meet our needs. An example is the interactive

learning activities like drag and drop activity to engage learners while interacting with

the content. Our broad goal is solving an open-ended problem which requires the inte-

gration of concepts and practices during problem-solving. In an undergraduate course,

an instructor might not be an expert in the two diverse topics of genetics and statistics

because of the variety and complexity of concepts. Hence, what is required is a TEL en-

vironment which requires a learner to simultaneously engage with inquiry practices,

statistical procedures, and domain concepts. Learners have to work on activities expli-

citly and deliberately integrating practices and concepts or three (practices, concepts,

and statistical procedures) individually as well as in an integrated manner. Besides,

there is a need to provide an overall structure and inquiry-driven reflective learning ex-

periences. A potential solution to the problem related to domain-specific concepts is

that technologies can customise prompts to account for differences in prior knowledge.

Also, responses to open-ended, transfer questions, and reflections on inquiry will help

in transferring the problem-solving process in a novel context (Barab & Plucker, 2002).

The problem-solving activities may be scaffolded through interactive cycles of investi-

gation (National Research Council, 2012). Besides this, the learning environment

should be easily accessible to learners in college classrooms through a laptop, tab, or

mobile using a wireless connection (Yin et al., 2017). It should be browser-based so that
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there is no need to do any additional installation of software for interaction. For a

teacher, the learnability of TEL should be low; it should enable teachers to adapt learn-

ing activities to different topics without requiring advanced computer knowledge (Guan

et al. 2014). To address this gap, we designed and developed the GI pedagogy and

learning environment through a design-based research approach which is discussed in

the next section.

Design-based research
Design-based research (DBR) is an approach that guides the development of learning

theories, improvement of instructional design, and possibilities of a new design. DBR

consists of iterative cycles of design, enactment, analysis, and redesign. We have

followed the DBR approach (McKenney & Reeves 2014) which has the following

phases: analysis and exploration, design and development, evaluation and reflection. In

the first stage, there is a detailed analysis of the problem, the context, and the partici-

pants, including analysis of the existing solution to address the problem along with

exploratory study with the novice or experts to understand the requirements. The stage

of design and development follows it, where the designers or researchers create a pre-

liminary learning design that is evaluated by various qualitative, quantitative, or mixed

methods to understand the mechanisms by which learning happens in the learning

environment. It is followed by the evaluation and reflection stage, where reflection is

done on these learning mechanisms to identify how the learning effectiveness of the

design could be improved.

We have adopted the DBR methodology in our research work firstly to identify the

pedagogical features and learning activities of the TEL environment to scaffold complex

learning and secondly to understand the underlying mechanisms of interactions which

are leading to complex learning. Figure 1 shows our adapted version of the DBR

methodology.

DBR cycle 1: analysis and exploration phase

We first explored the topics and application contexts which are suitable for learning in-

tegration of domain concepts and science inquiry practices. From literature, we identi-

fied those topics within genetics such as monohybrid and dihybrid cross that are

Fig. 1 Design-based research approach for developing our TEL environment
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challenging for learners (Bahar 1999), and these topics form the basis for scientific

inquiry for further genetics topics (Orcajo & Aznar 2005). These topics are typically

taught in the context of the pea plant as the model organism. We designed a set of

semi-structured questions in these topics, which requires the integration of concepts

and science inquiry practices. We then did a study with bioscience instructors to valid-

ate these questions and to gather insight into the detailed concepts required to solve

the questions, where learners encounter these concepts in their curriculum, and the dif-

ficulties learners may face in answering such questions.

Study 1: participants, context, and procedure

Participants were three instructors of the Bachelor of Science in Biotechnology

course. The context of the learning material was the breeding cross following the

Mendelian inheritance. Problem-solving in this topic requires application of science

practices along with integrating concepts related to the basics of Mendelian genet-

ics, understand and decide about the appropriate statistical calculation along with

inference. Participants were given six questions from this topic. Some questions

were related to the procedural application of genetics and statistics like predicting

the result of the breeding experiment and doing the statistical comparison. While

the other question on the transfer of learning required a learner to connect con-

cepts of genetics and statistics. The question of understanding the hypothesis and

designing the breeding experiment required a learner to integrate genetics and stat-

istical concepts with science inquiry practices. The instructors were asked to solve

the questions and indicate their perceptions of learner difficulties. In the focus

group interview, they were asked about the concepts required to solve those ques-

tions and were asked to mention if the questions were accurate and sufficient for

complex learning. The instructors were also asked to give us feedback if we have

missed out on any crucial area of the topic which needs to be covered.

Result and discussion

The thematic analysis of the focus group interview revealed the concepts required

to solve the semi-structured questions in genetics, along with its curriculum align-

ment. To solve them, the genetics concepts required are dominant and recessive

gene, Mendel laws of inheritance along with the phenotypic and genotypic ratio,

which a learner learn in the basic genetics course of the first semester. Along with

this, learners learn about various model organisms in their first and second semes-

ters. Another set of concepts required for problem-solving are the concept of bio-

statistics like the null hypothesis, p value, and degree of freedom that a learner

learns in their fourth semester. The learners perform the science inquiry practices

of hypothesis testing and revision in their practical labs. Learner’s difficulties in

solving such problems, as identified by instructors are in understanding of a hy-

pothesis, determining the degree of freedom and p value, and concluding about the

hypothesis. Similar difficulties were seen in the subsequent studies when learners

were given the same questions in their pre-test. Many of these difficulties have

been reported in the literature (de Jong et al., 1998).
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Design of GI

Based on the research goal of scaffolding complex learning through problem-solving

along with the identified learner’s difficulties from literature and research study with

the instructors, we came up with the learning objectives of GI. After interacting with

this system, learners should be able to integrate concepts of genetics and statistics with

science inquiry practices. They should be able to understand the breeding context and

corresponding hypotheses. It requires a learner to consider the context, identify

whether the given hypothesis will explain the phenomena and is testable through

experimentation. It is followed by designing a feasible experiment and predicting the

result, which requires learners to consider all dependent and independent variables.

Also, the learner should be able to calculate the result of the experiment based on the

designed experiment and hypothesis under investigation, followed by making a statis-

tical comparison (comparing prediction and observation) and concluding about the

hypothesis. Once a learner has solved a breeding scenario, he/she reflects and plans to

solve the new context through the transfer of their learning. In GI, the learning activ-

ities have been designed based on the components of instructional design for complex

learning (Frerejean et al, 2019, Kirschner & Van Merriënboer, 2008, Van Merriënboer,

1997), i.e. learning task, supportive information, procedural information, and part-task

practice have been operationalised as follows. In GI, the learning task is the context of

a genetics problem. It aims at the integration of knowledge and skills learnt across the

curriculum through a whole-task experience based on the authentic real-life scenario.

The supportive information like access to domain concepts supports learning and per-

formance of non-recurrent aspects of learning tasks. It acts as a bridge between the

previous knowledge of the learners and required knowledge to solve the tasks and sup-

ports cognitive processes like reasoning. Inclusion of procedural information, like the

process of calculating the chi-square, is presented just-in-time through step-by-step in-

structions. It is related to the recurrent aspects of the learning tasks which are per-

formed in the same way. In GI, part-task practice is provided by interaction through

multiple modules. These are additional practice for achieving a high level of automati-

city for the recurrent aspects.

GI is based on inquiry-based learning along with reflection in an authentic scenario.

Inquiry learning mimics authentic inquiry because they are closely related and share

the following constitutive cognitive processes (Pedaste et al., 2015). The phases and

sub-phases of the synthesised inquiry-based learning frameworks are as follows: orien-

tation, conceptualisation, investigation, conclusion, discussion. The emphasis on sci-

ence inquiry practices by the science educators reflects the fact that traditional form of

classroom learning is often disconnected from authentic practices of science (American

Association for the Advancement of Science, 2011; National Research Council [NRC],

2012). These authentic research experiences can increase the learner’s confidence in

studying biology and interest in pursuing biological research (Brownell et al., 2012;

Rodenbusch et al., 2016).

Along with authentic context, the importance of encouraging learners to reflect has

been highlighted in various researches as it is critical for the effective integration of

concepts and inquiry practices and is instrumental in learning (Davis 2003). Any activ-

ity which involves remembering from the past and analysing it in context requires

metacognitive thinking which is known as reflection. Reflection in action as described
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by Schon in 1983 is ‘When someone reflects-in-action, he becomes a researcher in the

practice context.’ Reflection-on-action involves looking back on our actions performed

(Schon 1983). It also consists of reflecting after the event, in review, analyse, and evalu-

ate the situation, to gain insight for improved practice in future.

Pedagogical features and learning activities

The overall pedagogy of GI contained inquiry-driven reflective learning experiences

focused on the integration of genetics concepts and practices in an authentic context.

The key features of the GI are presented in Fig. 2.

Integration of domain concepts, science practices, and statistical tools An overall

structure of the learning environment ensured that learners should be able to integrate

science practices along with the knowledge of genetics and statistics. In GI, learners are

required to perform most of science inquiry practices like carrying out experiments in

the form of designing breeding experiments and solving the corresponding question in

the tests. Learners are also required to analyse data by computing the chi-square value,

which requires them to compare predicted and observed result, and warranting claims

with evidence by concluding about the hypothesis. Learners began by understanding

the problem and the given hypothesis to test. It requires the learner to understand the

context, for example, the scientific phenomenon, which is to be explained. To explain

the context by the hypothesis, learners have to state the assumptions while testing this

hypothesis along with declaring the dependent and independent variable. The system

displays hypothesis and drag and drop activity for identifying the variables (Fig. 3).

It was followed by the phase of testing hypothesis, which included designing an

experiment and reasoning from the hypothesis to predict the result. In this, learning

activities require learners to decide about the cross made, design the steps of breeding

experiment, and calculate the predicted value (Fig. 4). The system displays activities re-

lated to determining the cross made and calculating the ratio by providing editing

Fig. 2 Key features of Geneticus Investigatio
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boxes. These editing boxes are for stating laws of inheritance, creating Punnett square,

and calculating ratio of offspring. Besides this, learners interactively design steps of

breeding experiments and watch a lab demo video of an actual experiment done in

practical labs.

The evaluation and summarisation phase was to revise the hypothesis if required by

comparing the result of the expected and observed values. The last learning objective

has two goals, namely ‘Evaluating’ and ‘Summarizing’. Once the experiment is designed,

and results are collected, it has to be statistically compared with the predicted outcome

and come to a conclusion. In the evaluate phase, learners learn interactively about the

chi-square test, calculate the chi-square value, compare it with the critical value, and

conclude based on critical value (Fig. 5). The system displays interactive video which

has reflective question prompts related to what, why, and how of chi-square and calcu-

lates the chi-square value by providing the functionality of the editing table. Besides,

this learner reflects on planning and solving similar problems through drag and drop

activity.

Question prompts The integration of concepts, inquiry practices, and use of statis-

tics was interspersed with question prompts. There were prompts for self-

assessment or to strengthen the application of conceptual knowledge, e.g. ‘The chi-

square test is used to...’ Another example of question prompts from GI is when a

learner is introduced to the context and hypothesis. Then, they are asked to reflect

on their understanding, e.g. Did you think about the following while identifying

Fig. 3 Learning activities in GI to understand the breeding context and corresponding hypothesis

Fig. 4 Learning activities in GI for designing an experiment and predicting result to test the hypothesis
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the parts of the hypothesis? Also, there was a set of reflective question prompts,

e.g. What steps will you perform while solving a similar problem? Feedback in

these question prompts is customised based on their choice of option. They were

also allowed to revise their responses. These question prompts facilitated learners

in explanation construction and making justifications.

Reflection activities Learning activities in GI concluded with the planning and sum-

marising activity. This activity required the learners to do reflection-on-action, which

aimed at integrating the concepts and inquiry practices. Learners reflected upon the ab-

stract integration steps, which have to be done while solving a similar scenario, and the

learning activity required them to arrange the abstract steps and sub-steps in the cor-

rect order. This activity prompts the learner to articulate their thinking.

Scaffolds Learners were provided with immediate feedback throughout the learning ac-

tivities. Along with the feedback, hints were provided to scaffold learners in the integra-

tion process. Learners were asked to state their reasoning explicitly in many places,

which ensured that they should make an informed decision during the interaction. In

addition to that, additional resources related to concepts of genetics and statistics were

provided in the form of video, pdf, and solved examples which can be accessed by the

learners anytime during the problem-solving.

Development of GI

Content development

GI contains modules in basic genetics topics, which are taught as part of the high

school curriculum or first year undergraduate course. These topics have multiple

underlying reasons which learners have to identify via designing an experiment and

testing their hypotheses. Examples of modules include monohybrid and dihybrid cross

with Mendelian and non-Mendelian inheritance as the underlying processes, within dif-

ferent model organisms. GI contained additional resources related to these concepts if

learners wished to refer to them.

Fig. 5 Learning activities in GI for hypothesis conclusion and transfer to a new context
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Technology development

The user interface of GI is designed and implemented with Google sites, which is an

open-source toolkit. The learning activities of GI have been designed in H5P, which is

an open-source, free HTML5 toolkit to develop interactive content. H5P supports the

creation of interactive learning activities where learners can interact with artefacts

available in the environment. The users can access GI through standard web user inter-

faces through any device. The interactions in the GI required the learners to navigate

back and forth with interspersed drag and drop activities in the majority of the learning

activities. Besides this, group-level learning behaviours can be accessed in real-time

from the Google Analytics platform, which is helpful for the teachers to provide real-

time feedback. This approach creates a seamless transition from guided problem-

solving as done in the traditional classroom to a personalised web-based learning

environment.

Evaluation of GI: study 2

We implemented a single group pre-post research design to understand the effect of

interaction with GI on learner’s learning. The two research questions which were the

focus of this study were:

� Do learners who interact with GI develop an integrated understanding of concepts

and skills in genetics?

� What are the user perceptions of usability and usefulness of GI?

Participants, study context, and procedure

Participants of this study were thirty-seven undergraduate learners of Bio-Science. In

this study, the context of the learning material was a monohybrid cross following the

Mendelian inheritance. The study was conducted as a part of a workshop for Bio-

science learners (Fig. 6). After an introductory registration to inform participants about

the objectives and gather prior academic details, the participants were given a pre-test,

similar to the questions in study 1. It was followed by interaction with the learning

material in GI. After that, the participants took the post-test, which was similar to the

pre-test. The workshop concluded with a final survey questionnaire to understand par-

ticipants’ perception of usability and usefulness of GI. The survey instrument was the

10-item System Usability Scale (SUS) (Brooke, 1996) widely used for assessing the usabil-

ity of a wide variety of learning environments. We asked additional open-ended questions

in the survey to capture participant’s perception on which features of GI were useful and

which were challenging, and what was the perceived learning and value from GI.

Fig. 6 Procedure of the study
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Data sources and analysis technique

For the first research question on learning gain after interacting with GI, we evaluated

learners’ pre- and post-test responses based on adapted scientific ability rubric (Etkina

et al. 2006) (Fig. 7).

In this research work, the intended purpose of the rubrics was to assess integration abil-

ity during problem-solving within the defined domains. The rubrics were tested for differ-

ent types of validity and reliability. The content validity was established by discussing

rubric items and its scoring description with three experts one after another. Of these

three experts, two were senior bio-science faculty with experience in teaching genetics

and biostatistics course. It was then validated with a learning science expert. Changes sug-

gested by the first expert were incorporated in the rubrics and then validated with the

next expert. The construct validity was established through the responses of the test of

learners to an open-ended genetics problem which were scored using the rubrics. Test re-

sponses of instructors for the same question were scored. For rubrics to demonstrate con-

struct validity, it was expected that instructors would score higher than learners and that

there would be a range of scores in learners’ solutions reflecting their differing abilities.

Also, the rubric scores allotted by different raters to the same problem should be consist-

ent. This was established using inter-rater reliability. The inter-rater reliability with two

coders had substantial agreement (Cohen’s Kappa 0.774, p < 0.001). Sample rubric items

and evaluation of student’s response are given in Fig. 8 and Table 1.

Fig. 7 Rubric item and corresponding question statement
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For the second research question on the usability and usefulness of GI, we calculated

the SUS score and did a thematic analysis on response to the four open-ended ques-

tions. We also captured the screen recording to analyse their screen activities for iden-

tifying interaction difficulties with Kazam, a screen recording software for Linux

operating system.

Results

Effect of GI on learners’ learning performance The mean value and standard devi-

ation of the scores on the rubrics of complex learning are shown in Table 2. A paired

sample t test between post- and pre-test scores was statistically significant for many ru-

bric items.

The perception of usability and usefulness of GI The SUS score was 59.23, indicat-

ing the product is usable (Brooke, 1996). Thematic analysis of the responses to open-

ended questions on usefulness and usability of GI showed that participants found the

interactive video, question prompts for reflection, drag and drop learning activity, and

understanding of domain as useful features, and that GI was valuable in learning hy-

pothesis testing and revision, and learning of genetics concepts (Table 3).

Fig. 8 Sample rubric item

Deep et al. Research and Practice in Technology Enhanced Learning           (2020) 15:24 Page 14 of 23



Reflection of DBR cycle 1

Our findings from the evaluation study showed that learners who learn with GI devel-

oped an integrated understanding of concepts and skills. However, despite this fact that

learners developed integrated understanding, we noticed that there were some prob-

lems when learners interacted with the system. The analysis of the open-ended ques-

tions provided an insight into the learner’s difficulties. Some of these were conceptual,

for example, learners faced difficulty in understanding the context and were not able to

Table 1 Evaluation of sample student response

Rubric item Student’s response in post-test Researcher’s comments
based on the rubrics

Score (0–3)

Is able to understand the
breeding context and
corresponding hypothesis

This is a reasonable hypothesis
because it has an independent
variable which is the alleles for
the two characters (genotype)
and the dependent variable
which is the phenotype. The
phenotypic difference is
dependent on the allele
composition and are assorting
independently. Physical quantities
which will be measured are
flower colour (red/white)

States the physical quantities
and describes its relationship
to the hypothesis

3

We will measure phenotype
(flower colour) which is based
on genotype

The physical quantity
mentioned is relevant but
does not describe specific
values and partially describes
the relation with hypothesis

2

It has both independent and
dependent variable.

Partially describes the relation
with the hypothesis

1

Is able to transfer to a new
context by generalising
what is to be done for a
similar problem

I will identify the characteristics
of the organism to be
investigated, identify hypothesis
and its different parts, design
breeding experiment based on
hypothesis, predict the result of
experiment, and statistically
compare, then, decide about the
hypothesis.

Discusses the steps and
sub-steps for solving similar
problems.

3

I will start with defining the
problem, performing
experiment, evaluating, and
concluding

Relevant steps are mentioned
but the sub-steps are missing

2

Understand the problem by
identifying genotypes

An attempt is made but
describes specific step

1

Table 2 Rubric item-wise statistics of the pre- and post-test scores

Achieving an integrated understanding
of concepts and skills

Pre-test:
mean (SD)

Post-test:
mean (SD)

Effect
size

Paired t test:sig.
(p value)

Understand the breeding context and
corresponding hypothesis

1.24 (0.64) 1.27 (0.87) 0.02 0.86

Design breeding experiment 0.57 (0.55) 0.65 (0.59) 0.16 0.32

Predicted result of breeding experiment 1.51 (1.15) 1.78 (0.98) 0.21 0.20

Statistical comparison 1.19 (0.97) 1.78 (0.89) 0.64 0.00

Hypothesis conclusion 0.30 (0.66) 1.05 (0.97) 0.72 0.00

Transfer to a new context 0.70 (0.78) 0.92 (0.89) 0.26 0.10

Total 5.51 (2.74) 7.46 (2.91) 0.65 0.00
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comprehend and calculate the predicted result of the designed experiment. Other diffi-

culties related to user interface issues. After analysis of the open-ended feedback re-

sponses and interaction analysis of screen-recordings, the likely reasons were identified

as pedagogical and interactional. These were used as the basis for the redesign of GI.

DBR cycle 2: redesign of GI
From the findings and reflection from DBR cycle 1, we identified the problems in the design

of the first version of GI, a potential reason for the problem, and redesign steps (Table 4).

Evaluation of GI-2.0: study 3

We conducted a quasi-experimental classroom study with undergraduate bioscience

learners in the context of Mendelian genetics with the revised version of GI. The pre-

post study conducted in DBR cycle one had already established that learners who inter-

acted with GI demonstrated complex learning. In this study, we compared learning gain

of learners who interacted with GI with a control group. The two research questions

which were the focus of this study are:

Table 3 Themes and respective sample excerpts

Perception of usefulness of GI
Q1. What features of the GI did you find most useful?

S.
No.

Theme An instance of response from participants artefacts

A Interactive video ‘….interactive video sessions…conceptual information in the video’

B Question prompts ‘... Questions that were between the videos….’

C Drag and drop activity ‘….the way it taught each and every detail about the experiment...’

D Domain of genetics ‘….solving problem of mendelian inheritance…Mendel experiments…..’

Perception of usability of GI
Q2. After interacting with GI, I learned something which I consider to be valuable. GI is valuable for ….
Q3. How do you plan to use the knowledge you obtained from this online workshop in other topic/
subjects or anywhere else? Please explain briefly

S.
No.

Theme (learning of …) An instance of response from participants artefacts

A Complex cognitive
processes

‘… i will use this in other fields of biology and if possible then in science…
topics which can be covered are an example..circulation, respiration, etc.….’

B Genetics concepts ‘….I would like to research more on the genetic crossing, alleles, Mendel’s
theory of crossing and would like to implement the same in other fields…’

C Statistical concepts ‘…would use in the biostatistics….’ ‘by doing sums online and in chi-square
test’

D In advance studies ‘…..learners who are graduates or even under-graduation…for further
education….’

Q4. What features of the GI did you find challenging/frustrating?
Q5: What challenges did you face during the whole duration of this online workshop?

S.
No.

Theme (difficulty in...) An instance of response from participants artefacts

A Predicting the result of an
experiment

‘making ratio’ ‘toggling between options’ ‘punnet square’

B Calculating the chi-square
value

‘calculation of sum’ ‘chi-square statistics’

C Understanding parts of
the hypothesis

‘solving the hypothesis questions’ ‘understanding hypothesis’ ‘I was unable
to understand the question’
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� Do learners who interact with GI develop an integrated understanding of concepts

and skills in genetics?

� What are user perceptions of usability and usefulness of GI?

Participants, study context, and procedure

Participants in this study were 121 undergraduate bio-science learners. They were ran-

domly assigned to the control or experimental group. In this study, the context of the

learning material was a dihybrid cross following the Mendelian inheritance. This study

was conducted as a part of a workshop. It was conducted in a supervised setting using

the GI learning environment for capturing data of the learning gains on complex learn-

ing and their perception of usability of GI. The study had five steps, as presented in

Fig. 11.

After an introductory registration to inform participants about the objectives and

gather prior academic details, the participants were given a pre-test. The pre-test ques-

tions were similar to the questions of the second study with two minor revisions for

better comprehensibility in the first and the last question. The pre-test was followed by

interaction with the learning material. In the experimental group, participants worked

on the learning activities in GI. The control group participants were given learning

Table 4 Problems seen in DBR cycle 1, a potential reason for the problem, and redesign step

S. No. Problems seen in DBR cycle 1 The potential reason for
the problem

Redesign

GI-pedagogy

A Low effect size in the first
question which evaluated
learners understanding of

the breeding context and
corresponding hypothesis

Learners were unable to
comprehend the questions

Revision of the first question
statement in the pre- and
post-test for better
understanding

B Low effect size in the
question of calculating the
predicted value.

The calculation of independent
assortment is seen in a dihybrid
cross which is a more suitable
topic for GI

Change of topic from
monohybrid to dihybrid cross

C Low effect size in the
question of transferring
to a new context

In most of the curriculum topics,
the model organism under
consideration is a pea. The
learners had too much prior
knowledge.

Change of model organism
from pea to drosophila

Interaction with GI

D Learners struggled in
predicting the result of the
breeding experiment in GI

Difficulty in interacting with the
interface and missing appropriate
feedback

Incorporation of a video
explaining the concept of
Punnett square and change in
the interface where a learner
can draw the table with the
required number of rows
and columns (Fig. 9)

E Learners struggled to
calculate the chi-square
value in GI

The interface had a fixed number
of rows and columns, and
feedback was in the form of
correct and wrong answer

The chi-square calculating
interface was integrated into
the video explaining why,
what, and how of Chi-square.
Users can draw the table for
calculation with the required
number of rows and columns
for calculation (Fig. 10)
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material related to concepts of genetics, the importance of model organism, hypothesis

formation, and how to calculate the chi-square test and compare it with the critical

value. They also went through the worked examples. The main differences in the learn-

ing materials of the two groups were the inquiry-driven reflective learning experiences

in GI. The learning materials for the control group were in the form of video, pdf, and

Google slides, which were organised as a Google website. These videos were the same

as in the experimental group but did not contain the scaffolds and prompt which were

present in GI. After that, participants of both the groups took the post-test, which was

similar to the pre-test. The workshop concluded with the last activity of filling the per-

ception survey similar to the second study.

Data analysis and results

The effect of GI on learners’ learning performance We did a paired sample t test be-

tween post- and pre-test scores, for both the control and experimental groups to evalu-

ate the learning gain after interacting with the learning material. The difference

between the means is statistically significant (p value 0.000) for the experimental group

for most of the rubric items (Table 5). The observed standardised effect size is large

(1.32) for participants who interacted with GI.

For the control group, the difference between the means is statistically significant (p

value 0.000) for achieving an integrated understanding of concepts and skills (Table 5).

For understanding the breeding context and designing the breeding experiment, the

Fig. 9 Comparison of the interface of predicting the result of the breeding experiment

Fig. 10 Comparison of the interface of doing the statistical calculation
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difference was not significant for the control group. The observed standardised effect

size for the control group is medium (0.67).

We also did an independent sample t test on normalised gain (Hake 1998) to deter-

mine if there exists a difference in the performance between the experimental group

learners who learn via GI and the learners in a control group. The difference between

the means of the experimental and control group is statistically significant (p value

0.000) for achieving an integrated understanding of concepts and skills.

The perception of usability and usefulness of GI We performed a thematic analysis

for analysing the response to the open-ended questions about the gross usefulness and

usability of GI. Participants found the interactive video, question prompts for reflection,

drag and drop learning activity, and understanding of domain as useful features of GI

similar to what was seen in study 2. Analysis of the result of the two questions related

to the usefulness of GI reveals that GI helps in complex learning by integrating the sci-

ence inquiry practices along with learning of genetics concepts. The SUS score came to

66.01, indicating the product is usable.

Overall discussion and conclusion
In this paper, we presented the GI pedagogy for facilitating complex learning by inte-

grating the concept of genetics and statistics with science inquiry practices. The GI

pedagogy was developed and implemented by the two DBR cycles. In the analysis and

exploration phase of the first DBR cycle, we identified the concepts required and the

learner’s difficulties. We then designed and developed the first version of the GI learn-

ing environment based on the recommendations from literature and teacher study,

which was evaluated with 37 undergraduate learners of bio-sciences. Rubric-wise ana-

lysis of learning gains reveals that learners had difficulty in understanding the breeding

context and the corresponding hypothesis. Besides this, analysis of open-ended ques-

tions revealed that learners had difficulty in interacting in GI for predicting the result

of the experiment and making the statistical comparison. It was analysed, and corre-

sponding design changes were made in the revised version of GI. In the second DBR

cycle, we evaluated the revised version of GI through a quasi-experimental study. The

experimental group demonstrated high learning gain in demonstrating complex learn-

ing as compared to the control group. Rubric-wise analysis of learning gains reveals

Fig. 11 Procedure of the study
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that interaction with both the control and experimental learning material resulted in

higher effectiveness in learning the application of domain-related steps like calculation

of the predicting result of the breeding experiment and making the statistical compari-

son. Stated differently, the participants seemed to understand the application of domain

concepts. This is not entirely unexpected as they are used to the kind of teaching

method in which the teacher demonstrates the steps, and the learners mechanically

apply those steps in similar problems. In GI, instead of the teacher, these participants

watched the interactive video explaining the steps of Chi-square calculation.

In contrast to the learning gain of application of domain steps, the learning gain of

integration of domain with science inquiry practices, e.g., designing breeding experi-

ments and stating assumptions and hypothesis conclusions based on statistical analysis,

was not significant for both the groups. This result is following the findings reported in

the existing literature that learning of skills requires multiple interactions over some

time (Kim & Hannafin, 2011). Based on the result, we conjecture that multiple interac-

tions with GI and across contexts will lead to significant learning gain. A significant dif-

ference in the learning gain of learners of the experimental group as compared to the

control group was found for transferring the concepts and skills learned in a new au-

thentic scenario. GI facilitated metacognition and transfer of abstract processes to a

novel and authentic context. This result is worth discussing as this high learning gain

in this question could be attributed to the summarising activity and reflection done by

Table 5 Rubric item-wise statistics of the pre- and post-test scores for control and experimental
groups

Achieving an integrated
understanding of concepts
and skills

Group Pre-test:
mean
(SD)

Post-
testmean
(SD)

Effect
size

Paired t
test:sig.p
value

Independent t
test:sig.p
value

Understand the breeding
context and corresponding
hypothesis

Control 1.10
(0.76)

1.13 (0.82) 0.03 0.77 0.00

Experimental 1.44 (0.6) 1.95 (0.71) 0.65 0.00

Design breeding experiment Control 0.68
(0.62)

0.65 (0.73) 0.04 0.71 0.09

Experimental 0.76 (0.6) 0.9 (0.58) 0.2 0.11

Predict the result of a breeding
experiment

Control 1.34
(1.39)

1.84 (1.28) 1.35 0.00 0.64

Experimental 1.9 (1.24) 2.49 (0.8) 0.47 0.00

Statistical comparison Control 0.82
(1.03)

1.79 (1.23) 0.84 0.00 0.5

Experimental 1.03
(1.08)

2.25 (0.96) 0.92 0.00

Hypothesis conclusion Control 0.26
(0.54)

0.95 (0.93) 0.82 0.00 0.25

Experimental 0.19
(0.54)

0.98 (0.9) 0.76 0.00

Transfer to a new context Control 0.81
(0.65)

0.95 (0.73) 0.2 0.10 0.00

Experimental 0.71
(0.56)

1.59 (0.65) 1.08 0.00

Total Control 5.00
(3.39)

7.31 (4.57) 0.67 0.00 0.00

Experimental 6.03
(2.97)

10.17
(2.86)

1.32 0.00
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learners in individual phases of GI. In this activity, since participants had to reflect

upon overall learning activity and its sub-activities, they were able to abstract the inte-

gration of concepts and skills. The learning activity provided them with the flexibility

of sequentially arranging the steps and access the hints as and when required. We con-

jecture that because of this, they were able to demonstrate this transfer of complex

learning explicitly in the answers of the post-test questions.

Along with that, thematic analysis of open-ended responses revealed learner percep-

tions that GI is valuable for the complex learning of integrating concepts and science

inquiry practices of hypothesis testing and revision. Besides this, they also perceive that

interaction with GI will help in a better conceptual understanding of genetics and stat-

istical tools and will help in advance studies. GI was marked as a usable product based

on the SUS score. Repeated use of the tool is likely to boost their confidence in inter-

acting with the tool. This web-based learning environment makes learning flexible,

portable, and attractive (Hashemi, Azizinezhad, Najafi, & Nesari, 2011).

The GI-pedagogy is designed to scaffold learners’ cognitive processes of complex

learning during problem-solving. The pedagogy support learners in integrating do-

main knowledge with science inquiry practices through inquiry-driven reflective

learning experiences. These learning experiences in the GI-pedagogy provide the

learner with authentic context, and learners perform inquiry-based activities, which

are actual practices of a bioscientist. Reflection activities intersperse it, and learners

have access to scaffolds as and when required. GI pedagogy could be used by

learning environment developers and instructors who wish to operationalise this

pedagogy in a self-paced or face-to-face or blended learning mode. Since GI has

been developed using Google sites and H5P as a web-based learning environment,

it is convenient to access by learners and teachers alike. Since GI is browser-based

and works on laptops, tablets, or mobile phones, a learner can use it easily in

classroom settings or anywhere else and only need a device and wireless connec-

tion. Undergraduate bio-science learners who wish to improve their complex cogni-

tive processes during problem-solving can directly access the link in the absence of

a teacher. An instructor who wants to train their learners in complex learning on

a new topic can adapt and implement GI pedagogy in a new scenario since it does

not require advanced computer knowledge for creating new modules.

An essential limitation of this work is that in GI, the domain was restricted to

genetics, and topics were specific to Mendelian and non-Mendelian inheritance.

We conjecture that the GI-pedagogy and learning environment can be adapted to

a set of topics that requires an integration of domain concepts and inquiry prac-

tices. More research is to be done to confirm the conjecture about generalizability

to other topics. Another limitation of this study is that we have assumed that

learners are motivated in self-learning, and we conjecture that a learner with low

motivation will have difficulty in problem-solving after interacting with GI since GI

is a self-paced learning environment. Possible directions for future work could be

to address these limitations to ensure that GI is useful and effective for a wide

range of learners. As part of the future work, we would also like to add feedback

component that needs to be built into the GI like a rubric or self-evaluation

checklist that will spot the faulty operationalisation of breeding ratio and will act

as a hint at corrective measures.
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