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Abstract

Despite increased advocacy for the use of inquiry-based learning as part of innovative science teaching in various
countries over the last decade, research on the assessment of inquiry-based instruction in science education has
lagged, with few assessments being implemented and validated. Furthermore, there appears to be a lack of
systematic assessment grouping in inquiry-based science education. This systematic review examines 53
empirical studies published between 1996 and 2022, guided by specific assessment design principles and coded
using the existing inquiry-based learning framework to identify and categorize key features of inquiry
assessment tasks. Results show that most studies adopted the National Research Council's inquiry framework
and used constructed-response items as the dominant assessment form. It was also discovered that most studies
assessed inquiry tasks at the exploration, interpretation, conclusion, experimentation, questioning, hypothesis
generation, and communication sub-phase level. Finally, most of the inquiry assessments were administered via
paper-based testing. However, some of the studies reviewed also delivered inquiry assessments using other
platforms, such as computer-based, laboratory-based, and mobile device inquiry. Educational implications for
future research include using performance-based assessment to comprehensively assess students' inquiry skills
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INTRODUCTION

Inquiry-based learning, a novel pedagogical strategy that involves students actively participating in the
construction of knowledge through exploration and searching for answers to scientific questions based on
evidence gathered, has been a key component of science education curriculum reform across the globe (Fang
et al,, 2016; Keselman, 2003; Pedaste et al., 2012; Shivolo & Mokiwa, 2024). Inquiry in science education is
structured as practices students should undertake to learn scientific concepts and understand the Nature of
Science. However, there has been a recent shift away from inquiry skills and toward practices to emphasize
that conducting science investigation requires skill and knowledge that is unique to each practice. These
practices are specific to science and engineering. They include developing and using models, asking questions,
planning and conducting investigations, analyzing and interpreting data, constructing explanations, using
mathematics and computational thinking, engaging in arguments from evidence, and evaluating and
communicating results (Next Generation Science Standards, NGGS Lead States, 2013). To enhance students’
capacity to explore scientific phenomena, many science education researchers have proposed and
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implemented inquiry-based teaching strategies that emphasize developing students’ deep scientific
understanding rather than having them memorize science facts (e.g. Lederman et al., 2013; Mupira &
Ramnarain, 2018; Pedaste et al., 2015). In light of this, research indicates that teaching science education
through inquiry-based instruction enable learners to investigate authentic scientific phenomena and develop
abilities like framing an investigable question, observation, carrying out investigation, drawing their
conclusions, and sharing their findings with peers (Fang et al., 2016; Shivolo & Mokiwa, 2024; Van Uum et al,,
2016). In addition, using inquiry-based science instruction promotes learners’ higher-order thinking skills,
reduces the achievement gap of minority learners, increases motivation, conceptual understanding, critical
thinking, science content understanding, positive attitudes towards science and development of learners’
practical skills (Lederman et al., 2019; Fang et al., 2016; Ramnarain, 2014).

The growing emphasis on using innovative approaches to improve students' learning processes has
broadened our understanding of strategies that can promote inquiry learning in science classrooms.
However, one common issue educators face is determining how to assess inquiry learning in science
education. It is believed that students are more likely to demonstrate improved learning on assessments that
are tightly related to the curriculum and the learning activities when allowed to interact with inquiry tools
and participate in classroom activities that are specifically tied to learning goals in inquiry science education
(Liu et al.,, 2010). According to the National Science Education Standards (NSES), "authentic assessment
exercises require students to apply scientific knowledge and reasoning to situations similar to those they will
encounter outside the classroom, as well as situations that approximate how scientists do their work" (NRC,
1996, p. 76). Studies have argued that assessment of students’ outcomes in science education must involve
the generation, interpretation, communication and use of data for a specific purpose that is closely aligned
with the curriculum material and science content covered (Harlen, 2013; Liu et al,, 2010). This implies that
how students approach learning may be influenced by the type of assessment activity they are given. Hence,
the main components of assessment in science education should reflect the goals of inquiry-based learning
in terms of understanding, skills and competencies (Harlen, 2013). To provide educators and researchers
with a more organized and better understanding of inquiry-based science education assessment, we
reviewed and synthesized studies on inquiry assessments implemented since 1996 to summarise all inquiry
assessment tasks and extract their distinctive features and patterns (Liu et al., 2010).

Research Objectives
In recent decades, the integration of inquiry-based learning into science education has gained

significant attention globally, aiming to cultivate scientific thinking, reasoning, and skills among learners.
While numerous frameworks and instructional models have been developed to support inquiry-based
instruction, relatively fewer studies have systematically explored how such inquiry processes are assessed.
The need to align assessment tasks with inquiry frameworks is vital for ensuring that learners are evaluated
not only on content mastery but also on their inquiry competencies. In light of this need, this systematic
review aims to map and synthesize the characteristics of assessment practices in inquiry-based science
education by addressing the following objectives:
1. To identify the inquiry frameworks and conceptual models that underpin the design of assessment
tasks in inquiry-based science education.
2. To examine the specific phases and sub-phases of inquiry reflected in empirical assessment tasks
implemented in school science contexts.
3. To analyze the types and delivery platforms of inquiry-based assessment tasks utilized in empirical
studies, and how these approaches align with inquiry learning goals.

Addressing these questions requires knowledge of relevant literature and frameworks to understand
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the design of inquiry-based assessment tasks in science education.

THEORETICAL FOUNDATION

The Knowledge Integration Framework for Inquiry Assessment

Though inquiry-based instruction is highly valued in science education, it has not been rigorously
assessed. Science assessments in national and international tests have traditionally relied heavily on
multiple-choice items that mostly require recall of scientific knowledge. These assessments encourage
teachers to prioritize memorization techniques and drills over students’ critical thinking (Yeh, 2006). In
response to the demand for assessment tasks that promote complex reasoning about relevant science content
(Harlen, 2013; Liu et al., 2010), many studies have used the knowledge integration theory as a framework to
design, analyze, measure, and describe students’ science learning and assessment tasks that promote inquiry-
based instruction (Linn et al., 2004; Linn & Hsi, 2000). The knowledge integration theory conceptualizes the
addition, differentiation, evaluation, and classification of accounts of scientific phenomena, situations, and
abstractions (Linn et al., 2004). A fundamental tenet of knowledge integration is that assessment tasks should
pose a problem and necessitate the respondents to develop an argument to assess complex thinking involving
the science inquiry process. It focuses on how learners deal with multiple and conflicting ideas about scientific
phenomena, create new ideas, and make connections between new and existing ideas to achieve a more
normative and coherent understanding (Linn et al., 2004; Linn & Hsi, 2000). The four knowledge integration
principles incorporated into the design of science curricula units and assessments within the context of
inquiry instructions are as follows: (1) making thinking visible, (2) making science accessible, (3) assisting
students in learning from one another, and (4) encouraging lifelong learning (Linn & Hsi, 2000; Liu et al.,
2010). According to Linn and Eylon (2006), knowledge integration emphasizes assessing student inquiry by
eliciting current ideas about scientific phenomena so they can be reexamined; adding new, more potent ideas
to promote links and connections among ideas; developing criteria to distinguish among the full repertoire
of ideas; and reflecting on and tracking one’s learning to sort out ideas and promote valid coherent views.

The framework highlights students' various and frequently opposing ideas when interpreting scientific
phenomena (Linn & Hsi, 2000). Students who engage in knowledge integration distinguish between ideas and
can use evidence to support their explanations of scientific phenomena, as opposed to students who add new
ideas to their existing repertoire. Students gain a better understanding of inquiry when they apply their
science knowledge in the classroom and practical situations. Knowledge integration places a strong emphasis
on the idea that for students to develop a comprehensive understanding of scientific concepts, they must
recognize the essential elements of scientific phenomena and construct an argument to explain complex or
contradictory scientific events. Research provides convincing evidence that using the knowledge integration
pattern as the main modality for assessing inquiry encourages active learning, assists students in integrating
new ideas with existing knowledge, and helps students develop scientific reasoning (Liu et al.,2010; Stone,
2014). The knowledge integration framework could provide a good starting point for identifying how science
assessment activities are designed to measure students' inquiry abilities and reflect the different features of
scientific knowledge over tasks that measure conceptual understanding and higher-order level skills in order
to provide a clear picture synthesizing inquiry assessment. The knowledge integration theory provided
clarity regarding the appropriate conceptual model for the question of this review, and it was also used as the
basis of our initial coding scheme and analytical framework. The suitability of the knowledge integration
theory in this study is also attributed to the ability to apply its guiding principles in designing or identifying
inquiry assessment tasks.
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The Evidence-Centred Design (ECD) and Principled Assessment Design for Inquiry (PADI)

In another study, Haertal et al. (2005) conceptualized the Principled Assessment Design for Inquiry
(PADI) system based on an Evidence Centred Design developed by (2003). The PADI system was developed
to design patterns for assessing inquiry, task design and assessment delivery. According to Mislevy et al.
(2003), the evidence-centred design framework consists of three essential components: student models,
evidence models, and task models. More specifically, the student model defines the latent traits or constructs
that the assessments are designed to measure in terms of knowledge, traits, and abilities within the context
of inquiry. The evidence model determines the level of behaviour or performance corresponding to the
student achievement level as defined by the student model. Finally, the task model specifies the task features
intended to elicit observable behaviours or procedures for developing assessment tasks aligned with the
student and evidence models. Hence, the Evidence Centered Design framework provides consistent
guidelines for construct development, assessment design, and result interpretation. Since “scientific inquiry
requires the use of evidence, logic, and imagination in developing explanations about the natural world"
(Newman et al.,, 2004, p.258), Evidence Centered Design offers an overview of how to identify or develop
“assessment tasks that elicit evidence (scores) that bears directly on the claims that one wants to make about”
students inquiry practices (Shute et al., 2007, p. 6). As a result, more empirical studies favour the use of
Evidence Centered Design to create authentic performance tasks that assess students’ scientific inquiry skills,
knowledge and abilities than standardized tests (Baker et al., 2016; Clarke-Midura et al., 2012). Thus,
Knowledge integration and evidence-centred design were used as a lens to identify and capture assessment
task(s) that present evidence of students' abilities based on the core features of inquiry-based learning
processes documented in the literature. While earlier researchers have focused on implementing inquiry-
based instructions in science education, there seem to be limited studies on how students are assessed within
the context of inquiry-based learning. As a result, researchers have become interested in more practical
questions about assessing students' skills from inquiry-based instructions (Harlem, 2013; Liu et al., 2010;
Pedaste et al,, 2015). Thus, this current review identifies, and analyses published studies that report how
inquiry-based tasks can be assessed in science education.

RESEARCH METHOD

Procedure for Literature Search

A systematic review of the literature was conducted to identify the phases/sub-phases of inquiry-based
learning measured in inquiry assessment. The EBSCO host online database was used to search for relevant
articles on inquiry assessment or testing using the following search terms: inquiry OR enquiry AND
assessments OR evaluation OR testing. The EBSCO host Library was selected because the online database has
a meta-data of over 80,000 academic journals, 6.5 million books and 450,000 conference proceedings
compared to the number of resources in Scopus or ISI Web of Science.

The first step in the procedure for literature search was the selection of online databases referenced in
the EBSCO host library. The educational databases include the following: Academic Search Complete, E-
journals, ERIC, and Education Source. We searched the online databases for relevant articles ranging from
January 1996 to September 2022. The search time was set to begin in 1996 following the publication/
implementation of the United States National Science Education Standards (National Research Council,
1996). In addition, the following search criteria were set in the EBSCO host database: (a) full-text available;
(b) references available (c) scholarly (peer-reviewed) journal articles.

Our search generated 919 articles. However, a large number of the retrieved articles did not focus on
inquiry-based learning or assessment within K-12 settings. By eliminating the articles that were irrelevant to
the study, our search results narrowed to 92 articles. In addition, we applied inclusion and exclusion criteria
to identify articles that focused on inquiry assessments. Articles were excluded from the analysis if the focus
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is on: (a) teacher education and professional development; (b) activities/modules/technology design without
evaluation; (c) college students, informal learning, special education and higher education; (d) social sciences,
nutrition education, medical sciences, nutrition education and language; (e) secondary analyses of data from
PISA and TIMSS, literature review and position papers. The articles that met the inclusion selection criteria
were those (a) informed by the practical guidelines on assessment design principles discussed in the
introduction, which also featured elements of authentic inquiry-based learning processes, included
assessments, (b) focused on science learning of inquiry phases (reasoning, skills, abilities, practices,
competencies and thinking) and (c) inquiry-based learning designed for K-12 learners. A snowballing
technique was used to screen the reference list of eligible articles that were potentially relevant but were not
retrieved initially using the search procedure. This reduced the total number of articles reviewed in this study
to 53. A summary of the article selection process for this study is presented in Figure 1.

Data Search
n= 919

j Duplicates removed ’

L n=50
A 4

( Screening for relevance

n= 869

>
-

( Irrelevant studies removed 1

L n=777

Y

‘ Screening for exclusion

n= 92

( Inclusion criteria not met ’

'L n =39

Y

‘ Final studies reviewed J

n= 53

Figure 1: Flow diagram for the article selection process.

Data Extraction and Analysis

Following the selection of articles, all 53 included studies were imported into ATLAS ti, coded, and
analyzed for inquiry assessment by categorizing the texts systematically into three stages using content
analysis procedures (Fraenkel et al., 2015). ATLAS.ti 8 is a qualitative computer software package that assists
researchers in managing textual, graphical, audio, and video data. The steps involved in ATLAS.ti is similar to
those used traditionally to analyze text such as notes, documents, or interview transcripts such as
preparation, coding, analysis, and reporting. The software offers qualitative researchers two levels of
interaction. First, it allows basic "code and retrieval” of data at the textual level. Second, it enables more
sophisticated analysis of model-building activities, such as linking codes to form semantic networks and
algorithms at the conceptual level.

Using the content analysis procedure, the first author created a coding framework to extract
information from each selected article in accordance with the inclusion criteria and the five research
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questions, as outlined in Table 1. The coding framework emerged from the synthesis of the literature on the
core features of inquiry-based learning processes and integrates different observable behaviours as evidence
of inquiry learning. Although there are existing inquiry cycles (e.g., de Jong, 2006; Leijen et al., 2012), the high
number of different terms used to describe inquiry activities in the literature was informed by Pedaste et al.’s
(2015) inquiry-based learning framework which summarises the core phases and processes of inquiry-based
learning from learners' viewpoint for teachers and instructional designers. Following that, the second and
fourth authors reviewed the coded articles chosen randomly using the initial coding framework. During the
review, the authors met with the first author to discuss discrepancies in the codes and improved the initial
coding scheme by modifying and clarifying categories, as well as conducting additional reviews of the
disputed studies. Finally, after the coding scheme became stable, the authors achieved an inter-rater
agreement of 81.9% across all categories, and the first author independently coded the remaining articles.
The authors identified overlapping inquiry-learning processes and organized them into a broad framework
that sits well with the most common understandings about inquiry-based learning. The result was a
comprehensive inquiry cycle with five general phases (Orientation, Conceptualization, Investigation,
Conclusion, and Discussion) and nine sub-phases (orientation, questioning, hypothesis generation,
exploration, experimentation, data interpretation, conclusion, communication, reflection) of inquiry. A more
detailed description of the phases and sub-phases of the inquiry-based learning framework can be found in
Pedaste et al. (2015). In addition to the general inquiry phases and sub-phases that served as categories and
codes, there were other categories with their corresponding codes, as shown in Table 1.

Table 1. Coding framework for analyzing inquiry assessments

Category Code
Framework Inquiry framework/definition
Inquiry/Inquiry Assessment Reason for assessment development

Assessment framework
Assessment Phases/sub-phases
o  Orientation
o  Conceptualization
=  Questioning
=  Hypothesis generation
o Investigation
=  Exploration, planning
=  Experimentation
=  Data interpretation
Conclusion
Discussion
=  Communication
= Reflection
o  Future-oriented stage
o  Other
Inquiry/Assessment delivery platform Paper-based assessment
Computer-based assessment
Mobile device
Others (e.g. equipment and chemicals in a laboratory
setting)
Item types Selected response
Constructed response
Performance task
Other
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The first category is the inquiry framework. We analyzed and coded articles for inquiry frameworks
that guided researchers in enacting inquiry assessments. Studies that included inquiry
definitions/frameworks based on policy documents such as the US NSES, Inquiry and NSES, science practices
(NRC, 1996, 2000, 2012) and research-developed frameworks were coded as inquiry frameworks. The
second code category concerns the phases/sub-phases of inquiry-based learning/inquiry assessments. This
category analyses articles for the five general phases and nine sub-phases of inquiry summarised by Pedaste
et al. (2015). Articles were examined for the Orientation phase/sub-phase and coded as such, if the
assessment stimulated learners’ curiosity about a topic or learning challenge through a problem statement.
The Conceptualization phase has two phases: questioning and hypothesis generation. Inquiry assessments
that prompted learners to generate scientific question(s) or provided them with investigable questions to
guide inquiry tasks were coded into the Questioning sub-phase. Assessments with items requesting learners
to formulate testable hypotheses were coded as Hypothesis Generation. The Investigation phase has three
sub-phases of exploration, experimentation and data interpretation. Inquiry assessments assigned into the
Exploration sub-phase contain items that either provided or required learners to design or develop an action
plan in carrying out an experiment/investigation in inquiry tasks. The Experimentation sub-phase focuses on
the application of a designed strategic plan for the experiment/inquiry activities. In the Data Interpretation
sub-phase, articles are examined if an inquiry task requires learners to make sense of the data collected
and/or to synthesize new knowledge from the inquiry process. The Conclusion phase/sub-phase as a code
requires students to compare their inference(s) drawn from data with research hypotheses/questions. The
Discussion phase has two sub-phases: communication and reflection. In the Communication sub-phase,
students present and communicate their findings for comments and feedback from their peers or teachers.
An assessment is coded as Reflection if learners are requested to reflect, describe, critique and discuss any of
the sub-phases or the whole inquiry cycle or to provide their reasoning with evidence about the phenomenon
under investigation.

The third category focused on the item types. This category has three codes: selected response,
constructed response and performance task. An inquiry assessment is coded as Selected Response if the
assessment requires a forced choice among multiple options, such as in MCQs/tier-response questions. An
assessment is coded Constructed Response if learners are requested to provide or generate short or extended
answers. Inquiry assessments are coded as Performance Tasks if learners are engaged in hands-on activities
to create solutions to questions. The fourth category is the assessment delivery platform. In this category,
there are four codes: paper-based testing, web/computer-based programs, mobile devices and laboratory
inquiry assessments. If the delivery platform of an inquiry assessment is entirely text-based, it is coded as
Paper-based Testing. If an inquiry assessment is delivered through an online learning environment, itis coded
as a Web/Computer-based Assessment. Suppose the delivery platform is through an application that can be
downloaded from google or iOS play stores and installed on mobile devices or tablets. In that case, the inquiry
assessment is coded as a Mobile Device-based Assessment. If an inquiry assessment is based on laboratory
activities, it is coded as a Laboratory-based Assessment. For each article, multiple coding was allowed as
there could be more than one code in each category. For instance, the inquiry assessment by Fang etal. (2016)
included both selected and constructed responses and were coded as such. We coded the articles using the
abovementioned coding scheme. After the coding process, we analyzed the data and generated reports of
numbers and simple percentages for each category for further analysis. Following this step, the descriptive
reports gave us a peek into the pattern of inquiry process(es) reflected in inquiry assessment activities since
the publication of the National Science Education Standards (NRC, 1996).
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RESULTS

This section presents the findings in the order in which research questions were raised to guide our
analysis of inquiry assessment articles. The findings discussed here focused on inquiry
definitions/frameworks that guided the inquiry assessments, the process of inquiry within the inquiry
assessment tasks, the prevalent assessment types, and the assessment delivery platforms.

What inquiry frameworks are identified from the literature?

In answering the first research question, our analysis identified researchers defined inquiry or the
inquiry frameworks they used to assess process(es) of inquiry in their studies. Specifically, we analyzed how
researchers operationalized inquiry and the frameworks they adopted or developed to measure students’
inquiry abilities. In our analysis, the theoretical/conceptual frameworks used by researchers to foreground
their inquiry assessments include, but not limited to the following: Scientific discovery as dual search (SDDS)
model proposed by Klahr (2000) (Di Mauro & Furman, 2016; Nehring et al., 2015), science process skills
(Prayitno etal.,, 2017), NGSS standards (Jonathan etal., 2016), inquiry and NSES (McNeill, Pimentel, & Strauss,
2011; Ketlhut et al,, 2010; Rhea et al., 2005; Kuo et al., 2015; Wu et al., 2015; Wu, Wu, & Hsu, 2014), abductive
inquiry model (Ahmed & Parsons, 2013), inquiry cycle of investigation (Garcia-Milla et al., 2011), claim,
evidence and reasoning (CER) model (Bathgate et al., 2015; Wang, 2015), power dynamics + guided inquiry
(Donnelly, McGarr, & O’Reilly, 2014), science assessment language demands, SALD (Bunch et al.,, 2010),
Toulmin’s model (Huang et al,, 2011) inquiry island (Eslinger et al., 2008), argument-driven inquiry (ADI)
instructional model (Demircioglu, 2015; Sampson et al.,, 2013), Toulmin’s argument pattern, TAP (Hsu, Chiu,
Lin, Wang, 2015), 5E + I/A inquiry model (Zuiker & Whitaker, 2014), cognitive problem-solving process
inquiry (Kremer etal., 2014). In the articles analyzed, majority of the research on inquiry assessment defined
inquiry or used the different modified inquiry frameworks in policy documents developed by the National
Research Council (NRC, 1996, 2000). The inquiry frameworks that guided researchers in enacting inquiry
assessment are included in the list of articles selected for this review (see Appendix 1).

What are the phases/sub-phases of inquiry within the assessment tasks?

In answering research question 1, the inquiry phases/sub-phases measured in the reviewed articles
were categorized according to the new inquiry-based learning framework proposed by Pedaste et al. (2015).
The frequency of the sub-phases of inquiry in the reviewed articles differs significantly. Table 2 presents the
sub-phases of exploration and data interpretation (43, 14.7%) as the most frequent processes of inquiry
measured in the inquiry assessments, followed by experimentation and conclusion (39, 13.4%). Next were
the sub-phases of questioning (34, 11.6%), hypothesis generation (31, 10.6%) and communication (30,
10.3%). The frequency of process(es) involved in getting learners to start an investigation, coded as
orientation (14, 4.8%), and the sub-phases of reflection (16, 5.5%) and future-oriented stage (3, 1.0%) were
the least measured. The spread of the sub-phases of inquiry process in the articles can be better appreciated
in Figure 2. Interpreting the result of our analysis in terms of the general phases of inquiry, the majority of
articles focused on investigation and conceptualization phases. With multiple coding, the summation of the
number of sub-phases of inquiry assessments does not total the number of inquiry articles.

Table 2: Frequency and percentage distribution of the sub-phases of inquiry assessment

General Phases of Sub-phases of Inquiry
] Frequency Percentage
Inquiry Assessment
Orientation Orientation 14 4.8
Conceptualization Questioning 34 11.6
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General Phases of Sub-phases of Inquiry
. Frequency Percentage
Inquiry Assessment
Hypothesis Generation 31 10.6
Exploration 43 14.7
Investigation Experimentation 39 13.4
Interpretation 43 14.7
Conclusion Conclusion 39 134
. . Communication 30 10.3
Discussion
Reflection 16 5.5
Future-oriented Stage 3 1.0
Total 292 100.00

Note. *The frequency does not total the number of inquiry articles coded but the
occurrence of the sub-phases of inquiry in the assessment tasks in each article.

Sub-phases of Inquiry Assessment
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Figure 2. The sub-phases of inquiry assessment identified in the empirical studies examined

One of the requirements for a task or an activity to be considered as an inquiry is the evidence of an
investigable question to be explored. In this review, researchers initiated inquiry assessments by providing
opportunities for learners to engage in scientifically oriented questions. Learners were prompted to ‘pose
questions to explain observations’ (Day & Matthews, 2008), ‘ask relevant questions regarding the phenomena
they have observed...’ (Hofstein et al.,, 2004; Rhea et al., 2005), provide research questions (Schwarz & White,
2005), and formulate questions (Kremer et al., 2014). Although the term ‘orientation’ as a sub-phase of
inquiry was not particularly used in any of the articles reviewed, intermediate processes or activities
described by (Pedaste et al., 2015), such as ‘anchor’, ‘simple observation’, ‘introducing a topic’ or ‘theory’ that
convey similar meanings were coded as orientation. For instance, in an inquiry task, learners were expected
to 'build a connection between their prior knowledge and the current research subject' (Demircioglu & Ucar,
2015) and 'seek information to refine the research questions' (Day & Matthews, 2008). These were to serve
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as 'anchors’, 'exploration’ and a way of 'introducing the topic/phenomenon' to be investigated to the learners.

The phases of investigation and conclusion record high frequency in the inquiry assessments. The
investigation has two sub-phases of experimentation and data interpretation that involve a simple
observation process with respect to the research question and collection of evidence concerning a hypothesis.
In this review, we found examples of inquiry tasks that addressed these sub-phases. In developing enquiry
skills using position-link datalogging, Davis et al. (2012) engage learners children in a paper-based task to
extractinformation from a bar chart and interpret a line graph of data obtained from Science Scope’s Datadisk
software. This task draws on a wide range set of interpretation skills. In a more authentic inquiry-based
assessment, learners were required to perform tasks that involved planning and carrying out experiments to
compare different brands of toothpaste, use chicken eggshell to simulate human teeth since the major
component of both an eggshell and human teeth is calcium carbonate, with a goal of investigating the effects
of toothpaste on the rate of tooth decay (Cheung, 2005).

What types of assessment are prevalent in the assessment tasks?

In all the 53 identified inquiry research articles, the most common type of assessment task was
constructed response (CR) items (46.6%), followed by selected response (SR) items (28.8%) and then
performance tasks (PT) items (24.7%). The different types of assessment used in the examined studies are
presented in Figure 3. A quick look at Figure 3 indicates researchers’ preference for inquiry assessments
primarily focused on CR items. While majority of the inquiry assessments required CR from learners, items
on SR and PT were relatively small, with a marginal difference between SR and PT items. Inquiry assessments
that focused on objective testing (e.g., multiple-choice items), as observed in some of the SR items, may only
require learners to recall or apply a few pieces of knowledge to solve inquiry tasks. However, an interesting
finding is that some of the SR items were in tier-response formats that require learners to explain or justify
their choices. In some studies, the SR items were used with the CR items to strengthen and guarantee the
construct validity of inquiry abilities measured in the assessments. The CR and PT reflect item types that
engage learners in hands-on activities during inquiry and open-ended questions.

Types of Inquiry Assessments
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Figure 3. The different types of inquiry assessments used in the examined studies

Surprisingly, our analysis revealed SR items in inquiry assessments, a closer examination of the quotes
on SR items revealed that some studies used SR and CR items together to measure inquiry abilities. Although,
we identified literature in which researchers administered only multiple-choice questions (MCQs) to assess
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inquiry abilities with exceptions (Blanchard et al., 2010; Clark & Linn, 2003; Gobert et al., 2011; Nehring et
al,, 2015; Silk et al., 2009). Although Blanchard et al. (2010) used multiple-choice items that were carefully
crafted from VNOS (for NOS questions), the nature of scientific knowledge and science practices, and
participants responded in writing to a few open-ended questions about the NOS, followed by in-depth
interviews. Rather than solely using force-choice MCQs, participants in the study had the opportunity to
reflect on their answers with additional clarifications.

In other reviewed articles, researchers who recognized the limitations of objective testing in revealing
the complex thinking students engaged in during inquiry opted for either CR items or SR + CR items in inquiry
assessments (Ahmed & Parsons, 2013; Bathgate et al., 2015; Demircioglu & Ucar, 2015; Fang et al., 2016; Kuo
et al,, 2015; McNeill et al., 2013; Songer et al.,, 2002; Turkan & Liu, 2012; Vitale et al., 2016). For instance,
Demircioglu and Ucar (2015) measured students’ inquiry abilities in a quasi-experimental research that is an
argument-driven inquiry and based on laboratory instruction. The inquiry assessments administered were
SR/MCQs and CR. The written reports were in line with the data collected and the results obtained from
experimenting with the phenomenon of geometrical optics. While students' written reports in the
experimental group were expected to answer questions on “what they were trying to do and why?", "what
did they do and why?" and "what is the argument?". The MCQs on optical achievement and science process
skills tests measured content knowledge and inquiry abilities respectively.

What assessment delivery platforms was used for inquiry assessments?

In the articles reviewed, the most common platform used to deliver inquiry assessments was paper-
based testing (PBT) followed by computer-based assessment (CBA), laboratory-based assessment (LBA) and
mobile device inquiry assessment (MD) in order (PBA = 48.4%, CBA = 34.4%, LBA = 14.1%, MD = 3.1%).
Figure 4 presents a graphical view of the assessment delivery platforms for inquiry assessments. While PBT
appeared to be the predominant delivery platform used to assess inquiry process, a significant finding is the
proportion of web/computer-based assessment (W/CBA) systems that allow learners to engage in an
immersive, three-dimensional environment navigating virtual worlds to make observations and gather data
to solve scientific problems. In some other articles, the delivery platform were typical laboratory
environments, where learners manipulate apparatus and make observations of phenomena under
investigation. Although the frequency of LBA was low, inquiry assessments on mobile devices were the least.

Assessment Delivery Platform
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Figure 4: Assessment delivery platform used in the empirical studies selected.
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DISCUSSION

Despite the effectiveness and popularity of inquiry-based learning in science education, one of the
factors impeding its development in schools is assessment. Assessment is an essential component of teaching
and learning because it is used to evaluate the needs of students, instructors, schools, curriculum, and
instructional programs and provide the necessary feedback for improvement. For inquiry learning in science
to be effectively reinforced in K-12 classrooms, science assessments must reflect an understanding of the
scientific concepts taught and align with the goal of inquiry-based learning and the development of scientific
practices. Though inquiry in science education places many demands on assessment processes, there are
limited resources to meet these demands and numerous challenges to developing satisfactory systems for
assessing inquiry science, especially when modifying existing practices (Hein & Lee, 2000). This study
systematically reviews and categorizes existing studies on inquiry assessments published between 1996 and
2020. It focuses mainly on Pedaste etal.’s (2015) inquiry-learning framework but also draws on the principles
for the inquiry assessment design, which is explained in knowledge integration theory (Linn et al., 2004).

According to findings, most of the studies reviewed mapped out their framework for assessing inquiry
learning based on the definition of inquiry in standards documents such as the National Science Education
Standards (NRC, 1996; 2000). The National Science Education Standards (NSES) described scientific inquiry
as a complex set of activities that involve the use of skills like “observations, posing questions, examining
books and other sources of information to see what is already known, planning investigations, reviewing
what is already known in light of experimental evidence, using tools to gather, analyze, and interpret data,
proposing answers, explanations and predictions, and communicating the results. Inquiry requires
identifying assumptions, using critical and logical thinking, and considering alternative explanations.” (p 23).
The NSES provides a set of outcomes that promote science literacy and defines what students should know,
understand, and be able to do in science. As a result, it serves as a model for many other nations to develop
their academic standards. However, due to developmental differences in learners' fundamental abilities and
understandings of inquiry across ages, several frameworks and models for assessing inquiry learning were
conceptualized, all of which are based on the standards (Abdusselam et al., 2018; Ahmed & Parsons, 2012;
NGGS Lead State, 2013; Pedaste et al.,, 2015). Nevertheless, the various framework consistently stresses the
importance of asking questions or posing problems, planning and carrying out investigation, mathematical
thinking, making inferences, engaging in argument from evidence, analyzing and interpreting data, and
effective use of communication skills in explaining facts with evidence when sharing and discussing findings
or conclusions as practices needed to engage and assess inquiry (NGSS Lead States, 2013; NRC, 2012; Pedaste
etal, 2015). In order to understand how inquiry skills are assessed in science classrooms, findings from the
reviewed studies revealed that assessment tasks were administered to students based on different
phases/sub-phases of the inquiry-learning framework. However, most of the assessment tasks identified in
the studies appeared to focus on the hands-on component of inquiry and ignore the minds-on component. It
was also discovered that 14.7% of the studies assessed students' inquiry skills during the exploration (simple
observation) and data interpretation phase. In comparison, 13.4% assessed students' inquiry skills during
the experimentation and conclusion phases. This implies that most of the sampled studies emphasize the
importance of developing students' abilities to explore and interpret data based on information gathered and
use such data to make informed decisions. Nevertheless, students’ inquiry skills were also assessed in the
questioning phase (11.6%), hypothesis generation phase (10.6%), communication phase (10.3%),
orientation phase (4.8%), reflection phase (5.5%), and future-oriented stage (1.0%). The low percentage of
assessment tasks reviewed during the hypothesis generation phase could be due to the fact that hypothesis
generation requires consistent thinking, reasoning, calculation, and planning creativity (Osborne, 2015),
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making it one of the most challenging aspects of inquiry for students (Kuang et al., 2020). According to Davis
and Bellocchi (2018), developing students' capacity to design and conceptualize scientific investigation
(orientation) is necessary for facilitating students’ inquiry. However, Herranen and Aksela (2019) argue that
designing experiments that allow students to create questions is essential in developing students' capacity to
do inquiry.

Another main research question that this study answered was to investigate the types of assessment
prevalent in the assessment tasks. Emphasis on these types of assessments was necessary for educators to
understand the kind of tasks or activities they can use to assess students’ inquiry learning in science. In this
review, the most common type of assessment task was constructed response (CR) items (46.6%), followed
by selected response (SR) items (28.8%) and then performance tasks (PT) items (24.7%). Although this study
identified literature in which researchers administered only multiple-choice questions (MCQs) to assess
inquiry abilities with exceptions, research has indicated that multiple-choice tests are not a good measure of
higher-order and complex skills (Clarke-Midura et al., 2012). The development and demonstration of higher-
order cognitive skills involved in scientific inquiry are difficult to measure with open-response and multiple-
choice tests (NRC, 2006). Moreover, Ketelhut and Dede (2006) argue that the complex nature of scientific
inquiry is better captured using an alternative assessment method in addition to a more traditional multiple-
choice test. As a result, Clarke-Midura et al. (2015) claim that using performance assessment tasks in
assessing students' inquiry is valuable for aiding learning and providing formative feedback to teachers about
ongoing student attainment. Performance-based assessment tasks support students’ reasoning within
complex problem-solving situations and provide better measures of science inquiry (Darling-Hammond &
Adamson, 2010). Research supports that performance tasks are valuable both for aiding learning and for
providing formative feedback to teachers about ongoing student attainment. With regards to the assessment
delivery platforms used for inquiry assessments, 48% of the reviewed studies used paper-based testing
(PBT), 34.4% used computer-based assessment (CBA), 14.1% used laboratory-based assessment (LBA), and
3.1% used mobile device inquiry assessment (MD). Paper-based testing focuses on individual paper-pencil
test items and relies on student affirmation as a response that indicates knowledge (Clarke-Midura et al,,
2012). Research indicates that the assessment of inquiry-related questions using paper-based testing exhibits
a threat to validity and does not provide the authentic context for inquiry as a complex and multifaceted
activity involving both cognitive and physical activity (Ramnarain, 2014). This type of assessment has
relatively few opportunities to measure the complex scientific knowledge and skills that inquiry instruction
intended to target (Quellmalz & Pelligrino, 2009). Research indicates that inquiry skills should be assessed
within the scientific context in which they are developed (Mislevy et al., 2003). As a result, it is believed that
one of the most effective ways to learn inquiry in science is through laboratory activities (Minner et al., 2020).
This could explain the use of laboratory (hands-on or computer-based or mobile device inquiry) assessment
in the studies examined. However, the low use of hands-on laboratory environments as platforms for
assessing inquiry in the reviewed studies could be attributed to difficulties associated with the physical
laboratory environment. These difficulties include the "potential hazards of chemicals, the high cost of
laboratory equipment and materials, liabilities of using tools or other laboratory materials, and the use of
classroom hours to (repeatedly) set up traditional experiments” (Scalise et al., 2011, p. 1051). In order to
address issues with the use of hands-on laboratory environments for assessing inquiry, research
recommends the use of virtual laboratory environments made possible by computer technology and mobile
devices (de Jong et al.,, 2013).

A notable finding in this review is the gradual and increasing use of CBA to deliver inquiry assessments.
The significance of this is the opportunity immersive technologies afford learners to navigate avatar virtual
worlds (virtual and augmented reality) to make observations, collect and analyze data and report their
findings in authentic scientific inquiry (e.g., Hsu et al,, 205; Kuo et al.,, 2015; Nelson et al., 2013). While no
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study used immersive technologies to deliver all the science practices, our review showed inquiry
assessments in the disaggregated components of scientific inquiry (e.g., Fang et al., 2016; Nelson et al,, 2013;
Scalise & Clarke-Midura, 2018). Furthermore, international high-stakes testing programs like Trends in
International Mathematics and Science Survey (TIMSS) and Programme for International Student
Assessment (PISA) are beginning to deliver assessments through technology (e.g., Mullis et al., 2020;
Quellmalz & Pellegrino, 2009), indicating that they all recognize the potential of using technology to assess
scientific inquiry. However, using technology to deliver digitized versions of paper-based tests does not
realize the full power of technology-enabled (computer-based or mobile device) assessments to create new
measurement experiences that provide richer observations of student learning (Clarke-Midura et al., 2012).
In addition, Shavelson et al. (1991) indicate that laboratory assessment (hands-on) and computer-based
assessment (virtual performance) do not tap the same knowledge. Though the two common delivery
platforms used in the reviewed studies are PBT and CBA, it appears that CBA is more effective than PBT in
promoting and assessing science content knowledge and inquiry skills.

Limitations

It is acknowledged that systematic review has some limitations. A limitation of this study, as with other
review studies, is that while we attempted to cover a broad range of studies on this topic, it is unlikely to
include every relevant study. Even though various search phrases were tried to see if any additional relevant
studies could be found, the inclusion criteria used in the study may not have captured all the pertinent
literature because they were too restrictive. Although inquiry learning is an inclusive instructional practice,
itwas decided to focus only on specific studies where the terms inquiry, inquiry, assessments, evaluation, and
testing in school science were evident or embedded in the research. Therefore, some studies that set out to
capture the implementation of inquiry but were not focused on assessment may have been excluded.

CONCLUSIONS

This systematic review analyses assessments in inquiry-based science education and identifies current
gaps and future directions for assessing inquiry abilities. According to the findings of the reviewed studies,
inquiry assessments were developed and used more frequently in middle and upper grades than in
elementary schools. This review paper also identified various inquiry frameworks and models that differ in
the elements and indicators that guide the design of inquiry assessment. However, the elements and
indicators of inquiry process identified in the various frameworks were based on the different dimensions of
scientific inquiry established by the Framework for K-12 Science Education (NRC, 1996; 2012). Moreover,
the study findings seem to suggest that inquiry-related tasks assigned to students can be assessed when
students: conceptualize an investigation, generate a hypothesis, make predictions or ask questions, make
simple observations or collect evidence concerning a hypothesis, interpret data during an investigation, draw
conclusions/inferences about their findings, and discuss/communicate their findings. Three types of
assessment tasks emerged from the literature: constructed response (CR) items, selected-response (SR)
items and performance tasks (PT) items. Though several studies used both CR and SR items to reinforce and
ensure the construct validity of the inquiry skills and abilities tested in the assessment tasks, most studies
used constructed response (CR) items for subjective assessment. Although most of the studies assessed
inquiry tasks using traditional paper and pencil assessment, this method does not provide an adequate and
authentic measure of students' understanding of inquiry skills and ability (Quellmalz & Pellegrino, 2009;
Ramnarain, 2014). Only a few studies reported using performance-based practical laboratory assessments to
evaluate students' inquiry skills. However, there is evidence from the findings that educational researchers
and teachers are now using new formats within computer-based performance assessment to encourage
students' active participation in inquiry learning and evaluate their inquiry abilities. This shows the
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importance of using contemporary technologies in science education. The rise of digital networks has
increased the use of technology in creating inquiry learning environments, as well as in the improvement of
scientific investigations and communications. In order to support the understanding and implementation of
inquiry-based science education, more emphasis needs to be placed on using performance-based
assessments to evaluate students' inquiry skills and knowledge.
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