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Abstract

According to policy documents and research studies, one key objective of science edu-
cation is to develop students’ inquiry abilities; however, relatively little is known about
the interplay among students’ inquiry abilities, the dimensions of their engagement, and
their inquiry-related curiosity. The purpose of this study is to explore how four dimensions
of engagement (i.e., cognitive, behavioral, emotional, and social) were driven by inquiry-
related curiosity and how they affected the students’ inquiry abilities. Structural equation
modeling was employed to analyze data collected from 605 11th graders, including their
responses to items in an online questionnaire and their performances on a computer-based
assessment of scientific inquiry abilities. The results showed that students’ curiosity was
associated with their inquiry abilities, and such an association was partially mediated by
the four dimensions of engagement in science laboratory classes. Moreover, the results
revealed that among the four dimensions of engagement, only cognitive and emotional
engagement had significant total effects on students’ inquiry abilities and that the influ-
ence of behavioral and social engagement on inquiry abilities was completely mediated by
cognitive engagement. This study suggests a critical role played by emotional engagement,
cognitive engagement, and curiosity in developing students’ inquiry abilities.

Keywords Behavioral engagement - Cognitive engagement - Curiosity - Emotional
engagement - Inquiry ability - Social engagement

< Hsin-Kai Wu
hkwu@ntnu.edu.tw

Department of Technology Application and Human Resource Development, National Taiwan
Normal University, Taipei, Taiwan

Graduate Institute of Science Education, National Taiwan Normal University, P.O. Box 97-27,
Taipei 11699, Taiwan

Faculty of Education, University of Johannesburg, Johannesburg, South Africa

@ Springer


http://orcid.org/0000-0003-0018-9969
http://crossmark.crossref.org/dialog/?doi=10.1007/s11251-020-09503-8&domain=pdf

80 P-H.Wu, H-K.Wu

Introduction

For the last two decades, engagement has been conceived as an important factor affecting
students’ learning and academic success (Fredricks et al. 2004; Kuh 2003; Newmann et al.
1992) and refers to the observable and unobservable qualities of students’ involvement
and participation in learning activities (Ryan and Patrick 2001). Many researchers have
suggested that the qualities of students’ participation in learning activities could involve
observable behaviors (Zumbrunn et al. 2014), internal cognitions (Greene et al. 2004), as
well as personal emotions (Fredricks et al. 2004) in school contexts. These studies have
supported a multifaceted conceptualization of engagement, and four dimensions of engage-
ment have been identified, namely behavioral engagement, emotional engagement, cog-
nitive engagement, and social engagement (Fredricks et al. 2016a, b). Although previous
research has provided evidence for the effects of every single dimension or a set of dimen-
sions on students’ learning, the understanding of the relationships among these dimensions
of engagement with respect to learning outcomes is very limited. Additionally, engagement
in subject areas has recently been receiving increasing attention (e.g., Wang et al. 2016). In
science education, scientific inquiry has been considered as a valuable and inseparable part
of science teaching and learning (National Research Council [NRC] 1996, 2000) but rela-
tively little is known about the role of students’ engagement in their inquiry performances.
Therefore, to construct a model of engagement in scientific inquiry, this study examined
the interplay among the four dimensions of students’ engagement, inquiry-related curios-
ity, and inquiry abilities of students.

Why should inquiry-related curiosity be considered as a potential predictor of engage-
ment? Engagement could be affected by motivation-based factors, such as belonging, self-
efficacy (Zumbrunn et al. 2014), and intrinsic motivation (Froiland and Worrell 2016), and
curiosity (Wu et al. 2018). Among these factors, curiosity has been valued and encouraged
in science education because students’ scientific curiosity about how the world works or
why a phenomenon happens may motivate them to conduct investigations and to find these
answers through scientific inquiry (NRC 2000, 2012). Curiosity can be defined as a psy-
chological disposition for the unknown, novelty, ambiguity, and uncertainty (Litman 2005;
Mussel 2010) and motivate students to pursue novel information and challenging experi-
ences (Sinha et al. 2017). Additionally, Luce and Hsi (2015) argued for “science-relevant
curiosity” such as wonderment about casual mechanisms and inconsistent observations in
science. Students’ curiosity about science phenomena and inquiry activities could “develop
into a deeper, sustained, persistent pursuit of scientific reasoning and science learning” (p.
74) and then lead to higher engagement. For example, when students have wonderment
about a phenomenon, a knowledge gap between what they already know and what they
want to know may occur (Chin and Osborne 2008). Such a knowledge gap could moti-
vate students to explore how and why the phenomenon happens and to demonstrate inquiry
behaviors. Thus, inquiry-related curiosity was examined in this study because such a psy-
chological state and disposition could facilitate students’ engagement in authentic and
meaningful science learning.

On the other hand, developing students’ inquiry abilities has been emphasized as a key
objective of science learning in many policy documents (NRC 2000) and research studies
(Krajcik et al. 1998). These fundamental abilities enable students to coordinate science pro-
cess skills and knowledge, to conduct meaningful scientific investigations, and to success-
fully participate in scientific inquiry. This study thus focuses on students’ abilities in four
inquiry activities including asking scientific questions, planning experiments, analyzing
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data, and formulating scientific explanations. However, numerous empirical studies have
indicated that students usually lack these fundamental abilities and encounter great difficul-
ties in the process of inquiry (e.g., Bell 2002; Jeong et al. 2007). To understand whether
and how qualities of students’ participation in inquiry activities could enhance their abili-
ties, this study aims at exploring how the four dimensions of engagement (i.e., cognitive,
behavioral, emotional, and social) are driven by inquiry-related curiosity and how they
affect inquiry abilities. To accomplish this purpose, we employed structural equation mod-
eling to analyze data collected from 605 11th graders, including their responses to items in
an online questionnaire and their performances on a computer-based assessment of scien-
tific inquiry abilities.

Theoretical and empirical underpinnings
Definition of engagement

Engagement has been viewed as an important construct in educational research because it
could influence students’ learning processes and outcomes (Astin 1984; Engle and Conant
2002; Finn 1989). Although it is commonly accepted that engagement can be regarded as
the qualities of students’ involvement and participation in learning activities (Ryan and
Patrick 2001), different aspects of engagement have been introduced for various tasks, pur-
poses, and contexts. For example, Astin (1984) advocated the notion of student involve-
ment to investigate students’ energy and time investment in both physiological and psycho-
logical aspects. On the other hand, Engle and colleagues adopted the notion of disciplinary
engagement to illustrate students’ involvement in the particular subject matter in classroom
settings (Engle and Conant 2002; Forman et al. 2014). Furthermore, engagement can be
used to describe and explain students’ behaviors and participation in schools. With a higher
degree of school engagement, students would demonstrate more willingness to search for
the strategies to perform better (Finn 1989) and show less anxiety and resistance to school
activities (Archambault et al. 2009).

To highlight and address the different aspects of engagement, researchers have argued
for a multi-dimensional definition of engagement (Archambault et al. 2009; Newmann
et al. 1992). Four dimensions identified by previous research include cognitive engage-
ment, behavioral engagement, emotional engagement, and social engagement. Cognitive
engagement refers to students’ proficiency of tasks, use of strategies, or pursuit of achieve-
ment to satisfy the requirements of learning tasks (Greene et al. 2004). Behavioral engage-
ment involves students’ attentiveness, persistence, and investment of time (Kuh 2009;
Newmann et al. 1992). Emotional engagement refers to students’ perceptions, values or
feelings about learning activities and environments (Fredricks et al. 2004). Social engage-
ment refers to students’ interactions with their peers, teachers or staff members in schools
(Jarveld et al. 2016). These four dimensions allow a comprehensive and analytical look at
students’ participation in learning.

Relationships among the dimensions of engagement
As different dimensions of the same construct, behavioral, cognitive, emotional, and

social engagement could interact with each other, investigations of the interplay between
the dimensions could assist researchers and educators in understanding how to facilitate
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a certain dimension of engagement. Archambault et al. (2009) developed a question-
naire to assess the behavioral, cognitive, and emotional engagement of students, and
conducted model comparisons to investigate the relationships among them. Although
they found that “the three dimensions of engagement were highly covariant” (p. 665),
especially the emotional and cognitive dimensions, the study did not illustrate how the
dimensions of engagement affect each other. On the other hand, a longitudinal study
done by Li and Lerner (2013) indicated that “behavioral and emotional engagement
were related bidirectionally” (p. 20) and that cognitive engagement could be predicted
by behavioral engagement. In addition, by comparing results from Grades 9, 10, and 11,
Lin and Lerner found a significant pathway from the emotional engagement at Grade 10
to cognitive engagement at Grade 11. Gunuc and Kuzu (2015) reconfirmed the predic-
tive link of behavioral engagement to cognitive engagement, and further revealed that
emotional engagement could affect behavioral engagement in a technology-based learn-
ing environment. Moreover, in a collaborative learning environment, students’ emotions
could influence their social and behavioral engagement in small groups (Linnenbrink-
Garcia et al. 2011); for example, positive emotions were positively associated with posi-
tive group interactions (e.g., actively working to support group members’ engagement).

Taken together, the aforementioned studies suggest a hypothesis whereby emo-
tional engagement could predict behavioral and social engagement, and may directly
or indirectly influence cognitive engagement. These relationships constitute a central
part of our hypothesized model (Fig. 1) and so far relatively little research has directed
its attention to these relationships in disciplinary engagement. Furthermore, this study
addresses the issue of how the dimensions of engagement affect students’ performances
in scientific inquiry.

Behavioral
engagemen

Cognitive
engagement

Emotional
engagement

Inquiry-related
curiosity

Inquiry
abilities

Social
engagement

Fig.1 A hypothesized model of relationships among students’ inquiry-related curiosity, dimensions of
engagement, and inquiry abilities
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Engagement and student performances

Previous research has investigated how engagement could affect students’ learning, cog-
nitive, and school performances. Among the four dimensions, cognitive engagement has
been the most investigated and its positive association with learning achievement has been
well documented (e.g., Greene et al. 2004). The explanation of the association is that cog-
nitive engagement involves the use of learning strategies and cognitive processing, which
could result in different levels of achievement, such as test scores (Greene et al. 2004) and
literature achievement (Nystrand and Gamoran 1991). Other dimensions of engagement
could also predict students’ school performances. Archambault et al. (2009) found that the
overall engagement had a significant but negative predictive link to school dropout and that
their further examination showed that only students’ behavioral engagement was signifi-
cantly associated with school dropout. Additionally, in their mixed-methods research, Wu
and Huang (2007) revealed that students’ emotional engagement in computer-based sci-
ence learning had no impact on their achievement. Yet, the findings from Authors’ quali-
tative data analyses suggested interactions among students’ achievement levels, cognitive
engagement, and behavioral engagement. For instance, the high-achieving group was more
engaged in the cognitive and behavioral dimensions.

Although the association between engagement and learning performances has been con-
firmed by previous research, it is still unclear whether social engagement affects students’
learning performances and how the different dimensions of engagement mediate or influ-
ence the relationships between engagement and learning performances. Therefore, situated
in the context of disciplinary engagement, this study takes the four dimensions of engage-
ment into consideration and hypothesizes that they could positively affect students’ inquiry
abilities directly and indirectly (Fig. 1).

Definition and framework of inquiry abilities

Inquiry has been viewed as an essential component of science learning. Scientific inquiry
refers to multifaceted activities similar to what scientists do to construct understandings
about the world, including questioning, experimenting, designing, planning, analyzing,
interpreting, explaining, arguing, and communicating (Barrow 2006; Duschl et al. 2007;
Krajcik et al. 1998; NRC 1996, 2000; Pedaste et al. 2015). Fundamental abilities that com-
bine knowledge with skills are required to undertake these inquiry activities (NRC 2000).
These abilities are defined as inquiry abilities in this study, and have been emphasized as
key learning objectives of science education in policy documents internationally (e.g.,
NRC 2000; Ministry of Education [MOE] 2018).

To develop an assessment framework that involves the nature of inquiry and reflects the
process of inquiry, we reviewed science education standards (NRC 1996, 2000, 2012), sci-
ence curriculum guidelines (MOE 2018), and research studies (e.g., Wu and Huang 2007;
Wu et al. 2015; Krajcik et al. 1998; Pedaste et al. 2015). These documents presented a
number of frameworks for science inquiry. One of the most recent and influential frame-
works was proposed by the National Generation Science Standards (NRC 2012), in which
three spheres of activity for scientists were identified: Investigating (asking questions, mak-
ing observations and doing experiments), Evaluating (arguing, critiquing, and analyzing),
and Developing Explanations (developing theories and models and formulating hypoth-
eses). Additionally, by reviewing 32 articles on inquiry phases and cycles, Pedaste et al.
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(2015) provided a synthesized framework that is constituted of five distinct general inquiry
phases: Orientation, Conceptualization (questioning and hypothesis generation), Investiga-
tion (exploration, experimentation, and data interpretation and analysis), Conclusion, and
Discussion (communication and reflection). The two frameworks reflect the multifaceted
nature of inquiry and cover a variety of inquiry activities. Although they categorized some
inquiry activities into different phases or spheres, four inquiry activities that were identi-
fied in both frameworks are asking questions, conducting investigations, analyzing data,
and developing explanations and conclusions. These four major inquiry activities thus were
selected as the backbone of our framework.

Our assessment framework of inquiry abilities focuses on four main abilities and related
sub-abilities: (1) Questioning (sub-abilities: formulating questions, identifying questions,
and making predictions); (2) Experimenting (sub-abilities: identifying controlled and
manipulated variables, planning experimental procedures, and selecting appropriate meas-
urements); (3) Analyzing (sub-abilities: identifying relevant data, and transforming data);
and (4) Explaining (sub-abilities: making a claim, using evidence, reasoning from evidence
to the claim, and offering and evaluating alternative explanations). We also developed and
validated a computer-based assessment that integrated animations, videos, pictures, and
simulations into the test and task design to measure students’ inquiry abilities (Wu et al.
2015; Kuo et al. 2015).

Inquiry abilities, engagement, and inquiry-related curiosity

Although inquiry abilities are foundational to science learning, previous research has indi-
cated that students encounter difficulties developing the abilities. Regarding the question-
ing ability, for example, students may not be able to express ideas and questions clearly
(Krajcik et al. 1998), and the questions raised by students could be too divergent to predict,
and cannot be answered by experimental results (Apedoe 2008). When doing experiments,
students may collect ineffective experimental data because they lack the ability to control
variables (Krajcik et al. 1998). Additionally, some middle school students do not have
the ability to appropriately organize and interpret data (Jeong et al. 2007). They may not
understand the components of scientific explanations (e.g., claim, reasoning, and evidence)
and may not be able to use data as evidence to support their claims (McNeill and Krajcik
2008).

To explore possible ways to foster students’ inquiry abilities, researchers have identified
factors that may associate with the development of students’ inquiry abilities (Wu et al.
2018; Luce and Hsi 2015). By examining data collected from more than 2000 eighth and
11th graders, Wu et al. (2018) revealed a positive relationship between students’ engage-
ment in school laboratory activities and their inquiry abilities. However, Wu et al. (2018)
focused only on students’ behavioral engagement in laboratory activities and did not pro-
vide information about how other dimensions of engagement could influence inquiry
abilities.

Furthermore, Wu et al. (2018) indicated that students’ scientific curiosity could pre-
dict their inquiry abilities. Curiosity can be defined as a psychological disposition for the
unknown, novelty, ambiguity, and uncertainty (Litman 2005; Mussel 2010) and measured
as “the threshold of desired uncertainty in an environment which leads to exploratory
behavior” (Jirout and Klahr 2012, p. 150). Luce and Hsi (2015) argued for the importance
of characterizing students’ curiosity expressions with respect to scientific inquiry, and the
relationship between curiosity and engagement in inquiry activities has been suggested in
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previous studies (e.g., Callanan and Jipson 2001; Callanan and Oakes 1992; Engel 2011).
One possible explanation is that students’ science curiosity could initiate them into ques-
tioning and exploration (Chin and Osborne 2008) and drive their engagement in inquiry
activities such as explaining and experimenting; this, in turn, may facilitate the develop-
ment of students’ inquiry abilities. Thus, our hypothesized model in Fig. 1 also includes
the potential impact of inquiry-related curiosity on the dimensions of engagement and
inquiry abilities.

Research questions and proposed model

The purpose of this study is to examine how the four dimensions of engagement (i.e.,
cognitive, behavioral, emotion, and asocial engagement) are driven by students’ inquiry-
related curiosity, and how they affect their inquiry abilities. Four research questions guided
this study.

(1) What are the relationships among the four dimensions of engagement?

(2) What are the effects of the dimensions of engagement on inquiry abilities?

(3) Is students’ inquiry-related curiosity associated with the dimensions of engagement?

(4) Do the dimensions of engagement mediate the association between students’ inquiry-
related curiosity and their inquiry abilities?

On the basis of the theoretical and empirical underpinnings, we proposed the model
in Fig. 1 and formulated hypotheses for the research questions as follows. (1) Emotional
engagement predicts behavioral and social engagement, and directly or indirectly affects
cognitive engagement (Archambault et al. 2009; Li and Lerner 2013; Linnenbrink-Garcia
et al. 2011). (2) The four dimensions of engagement positively influence inquiry abilities
in a direct or indirect manner (Wu and Hang 2007; Greene et al. 2004). (3) Inquiry-related
curiosity has a positive impact on the four dimensions of engagement (Wu et al. 2018; Engel
2011). (4) The dimensions of engagement play a mediating role in the association between
students’ inquiry-related curiosity and their inquiry abilities (Chin and Osborne 2008). By
examining the relationships among high school students’ curiosity, engagement and inquiry
abilities, this study could provide insight into how to foster students’ inquiry abilities by
enhancing different dimensions of engagement and promoting students’ curiosity.

Methods
Sampling

To achieve the purpose of this study, we recruited 11th grade students from senior high
schools in three northern cities of Taiwan to participate in this study. The sample size was
determined based on the suggestion of Westland (2010). The appropriate sample size in
structural equation modeling should consider both the ratio of indicators to latent variables
and the minimum effect in SEM at a given significance and power. For the structural model
with six latent variables and 40 indicators in this study (1 ability, 32 engagement, 5 curios-
ity, and 2 computer experience indicators), according to Westland (2010), the suggested
sample size was 675 for power=0.80, «a=0.05, and the medium effect size (Rz) =0.15.
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Using a two-stage stratified cluster design, we first divided the 78 senior high schools of
the three cities into eight strata based on their students’ percentile ranks in the Basic Com-
petence Test for Junior High School Students. In the second stage, we sampled one school
from each stratum. The class size at high schools in Northern Taiwan was usually between
40 and 45 so we invited two classes in each sampled school (a total of 16 classes) to achieve
the suggested sample size of 675. Yet, some classes were smaller than we expected, and the
16 classes with the total of 647 students were recruited to participate in this study. Among
the students, 42 offered no responses to the administered questionnaires; their data were
therefore excluded, resulting in a sample of 605 11th graders.

Measures

Three instruments were used to collect data in this study: a computer-based assessment of
scientific inquiry abilities (39 items), a 32-item questionnaire of engagement, and a ques-
tionnaire for collecting information of students’ inquiry-related curiosity, computer experi-
ence, and socioeconomic status. Table 1 shows the descriptions of indicators for the latent
variables in this study.

Inquiry abilities

A computer-based assessment was developed to evaluate high school students’ questioning,
experimenting, analyzing, and explaining abilities (Kuo et al. 2015). The assessment used
scenario-based tasks to address the four inquiry abilities and incorporated simulations, ani-
mations, and videos to engage students in meaningful inquiry situations. For example, in
the Camera Task (see Fig. 2), a simulated camera was provided and allowed students to
change the aperture range and shutter speed, to observe the brightness of the photo, and to
investigate the relationships between variables. The item pool of the assessment contained
101 items in 26 tasks which were developed to examine students’ inquiry abilities across
four science content areas (i.e., chemistry, physics, biology, and earth science).

The validity and reliability of the assessment items were established by our previous
studies (Wu et al. 2014; Kuo et al. 2015). In this study, we selected 39 items from the pool
to assess students’ four inquiry abilities: 11 items for questioning, 10 for experimenting,
10 for analyzing, and 8 for explaining. Three professors of science education were invited
to evaluate the items for content validity. The content validity among the three experts was
excellent (kappa=0.88-0.96) and indicated their agreement that these tasks were suffi-
ciently relevant to inquiry abilities.

Moreover, scoring rubrics were developed to evaluate the open-ended items. These
rubrics included the level codes to indicate the performance levels in our framework, the
score codes for actual points, and the examples of anticipated responses (Table 2). Three
experienced researchers who had joined our previous studies were invited to score the stu-
dents’ responses. The scoring researchers were trained to establish interrater reliability. The
process involved two runs of grading 60 students’ responses to all 39 items, and the inter-
rater agreements in scoring students’ open-ended answers ranged from 81.2 to 95.0%. After
the agreements were achieved, each rater rated the students’ responses by using the scoring
rubrics. Student responses from the 39 items were scored and gathered. Unidimensional
Rasch models were used for analysis to derive five sets of plausible values (PVs) as the
indicator of students’ inquiry abilities (Wu and Adams 2007). By doing so, the students’
inquiry abilities were accurately estimated (Wu et al. 2016). The reliability of expected a
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Table 1 Descriptions of indicators for the latent variables

Indicators

Description

Cognitive engagement
CE_1
CE_2
CE_3
CE_4
CE_5
CE_6
CE_7
CE_8
CE_9
Behavioral engagement
BE_1
BE_2
BE_3
BE_4
BE_5
BE_6
BE_7
BE_8
Emotional engagement
EE_1
EE_2
EE_3
EE_4
EE_5
EE_6
EE_7
EE_8
EE_9
Social engagement
SE_1
SE_2
SE_3
SE_4
SE_5
SE_6
Inquiry-related curiosity
Curil

Curi2
Curi3

Curi4

1 go through the work for laboratory classes and make sure that it’s right

I think about different ways to solve a problem

I try to connect what I am learning to things I have learned before

I try to understand my mistakes when I get something wrong

I would rather be told the answer than have to do the work

I don’t think that hard when I am doing work for class

‘When work is hard, I only study the easy parts

I try to plan an approach in my mind before I actually start homework or studying

I try to put the ideas in my own words when learning new information

I stay focused on enacting experiments

I put effort into my experiments

I keep trying even if something is hard

I complete my homework on time

I talk about science/math outside of class

I don’t participate in class

I do other things when I am supposed to be paying attention

If I don’t understand, I give up right away

I look forward to laboratory classes

I enjoy learning new things during laboratory classes

I want to understand what is learned in laboratory classes
I feel good when I am in laboratory classes

I think that laboratory classes are boring

I don’t want to be in laboratory classes

I don’t care about learning in laboratory classes

I often feel down when I am in laboratory classes

I get worried when I learn new things in laboratory classes

I build on others’ ideas

I try to understand other people’s ideas in laboratory classes

I try to work with others who can help me in laboratory classes
I try to help others who are struggling in laboratory classes

I don’t care about other people’s ideas about the experiment
When working with others, I don’t share ideas

The degree to which students are curious about whether their own proposed
research questions are feasible

The degree to which students are curious about the rationale of experiment
design

The degree to which students are curious about how to interpret experiment
results

The degree to which students are curious about the possible interpretations of
conflicts between experiment results and hypotheses
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Table 1 (continued)

Indicators Description

Curi5 The degree to which students are curious about the possible explanations of
experiment data

Camera Task

The next lunar eclipse in Taiwan will be on October 8, 2014. Ming wants to use his camera to
capture the lunar eclipse. He needs to figure out how to adjust the exposure settings of
aperture and shutter speed in order to take a quality picture. Below is a simulated camera.

Please operate the simulated camera, change the aperture range and shutter speed, observe
the brightness of the photo, and answer the following questions.

Select the aperture range

i F2 b, F4,::3L F6

= ===

o

Select the shutter speed

sr*m,,48 — J.S e 1/1OS

Q1. Write your conclusion of how the aperture range and shutter speed affect the brightness
of a photo.

NEXT

Fig.2 The camera task in the computer-based assessment of scientific inquiry abilities

posteriori estimation based on the plausible values (EAP/PV) was 0.88, which showed that
the test could explain a high percentage of the variation in the students’ inquiry abilities.

Engagement in scientific inquiry

This study adapted items designed by Fredricks and her colleagues (Fredricks et al. 2016a,
b; Wang et al. 2016) to measure the four dimensions of students’ engagement in scientific
inquiry activities. In the questionnaire, the learning context was described as “science labo-
ratory classes” because the students may not be familiar with the term “scientific inquiry”
and the learning opportunities of scientific inquiry have presumably been offered in school
laboratory classes (Hofstein and Lunetta 2004).
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The participating students were asked to reflect on the degree of their behavioral, cogni-
tive, emotional and social interactive states in science laboratory classes (see the questions
in Table 1). Nine indicators were used to evaluate their cognitive engagement (CE) such as
thinking about different ways to solve a problem. Eight indicators were to gather informa-
tion about behavioral engagement (BE), including items about attention, on-task behaviors,
and efforts. In the part of emotional engagement (EE), nine indicators included positive
and negative emotions, interest, and perceptions of the value of the science laboratory. Six
indicators evaluated their social engagement (SE) with peers such as understanding dif-
ferent perspectives, building on others’ ideas, and helping peers. Students rated each item
from never (1) to always (4).

A pilot study was conducted to validate the questionnaire and a high school located
in northern Taiwan (but outside of the three northern cities where the formal study was
conducted) participated in the study. All of the 11th graders in the school were invited
to answer the questionnaire, and data from 114 students were collected. The Cronbach’s
alpha for the four dimensions of engagement ranged from 0.80 to 0.85, and the Cronbach’s
alpha of all 32 items was 0.94. The reliability results suggested that these items provided a
high quality of internal consistency to evaluate students’ engagement in laboratory classes.
Moreover, the confirmatory factor analysis (CFA) showed the composite reliabilities (CR)
of all items ranging between 0.83 to 0.85 (higher than 0.60), which demonstrated a suffi-
cient internal consistency of the latent variables (Bagozzi and Yi 1988). The final version
contained 32 items and had suitable reliability and validity to measure students’ inquiry-
related engagement.

Inquiry-related curiosity

We developed five items to measure students’ inquiry-related curiosity (Table 1). Students
were asked to rate the five statements on a 4-point scale, from never (1) to always (4).
These items probed the degree to which the students were curious about the feasibility of
their research questions, the rationale of the experiment design, and the possible interpre-
tations and explanations of the experiment data. Our previous study validated these five
items (Wu et al. 2018) and suitable reliability was obtained (x=0.923). In this study, reli-
ability was reexamined and the value of composite reliability was 0.93 (Table 3), indicating
a high internal consistency for the measure.

Computer experience

Because the questionnaires and assessment were administered on computers, students’
computer experience and familiarity with the computer interface could influence their
performances (Scheuermann and Bjornsson 2009). To focus on the relationships in our
research questions, in this study, students’ computer experience was measured and later
controlled in the data analysis. Two items were developed to assess the students’ computer
experience. In the first item, students reported the frequency with which they used com-
puter devices outside of school from never (1) to everyday (5). In the second item, students
indicated whether web browsing, among three other computer activities (i.e., social net-
working, online gaming, and word processing), was the most frequent computer activity
that they engaged in. Dummy coding was used for this item (engaged = 1; not engaged =0).
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Table 3 Parameters of the initial and re-specified measurement models

Latent variable Indicator Initial model Final specified model
Standardized Standardized CR AVE Residual
factor loading factor loading variance
(SE) (SE)
Inquiry-related curiosity (Curi) Curil 0.74 (0.060)***  0.74 (0.060)*** .93  0.72 0.45
Curi2 0.77 (0.060)***  0.77 (0.060)*** 0.41
Curi3 0.81 (0.060)***  0.81 (0.060)*** 0.34
Curi4 0.83 (0.060)***  0.83 (0.060)*** 0.31
Curi5 0.76 (0.060)***  0.76 (0.060)*** 0.42
Cognitive engagement (CE) CE_1 0.60 (0.090)***  0.60 (0.090)*** 83 046 0.64
CE_2 0.72 (0.090)***  0.72 (0.090)%** 0.48
CE_3 0.72 (0.090)***  0.72 (0.090)%*** 0.48
CE_4 0.73 (0.090)***  0.73 (0.090)%*** 0.47
CE_8 0.61 (0.090)***  0.61 (0.090)*** 0.63
CE_9 0.67 (0.100)***  0.67 (0.100)*** 0.55
Behavioral engagement (BE) BE_1 0.91 (0.030)***  0.91 (0.030)*** 76 091 0.17
BE_2 0.94 (0.030)***  0.95 (0.030)*** 0.10
BE_3 0.76 (0.040)***  0.75 (0.040)*** 0.44
BE_4 0.54 (0.050)%** =2 a
BE_7 0.35 (0.040)*** -2 -2
BE_8 0.29 (0.040)%** -2 -2
Emotional engagement (EE) EE_1 0.83 (0.040)***  0.82 (0.040)*** 91 0.71 0.33
EE_2 0.93 (0.040)***  0.94 (0.040)*** 0.12
EE_3 0.88 (0.030)***  0.89 (0.040)*** 0.21
EE_4 0.71 (0.040)***  0.71 (0.040)*** 0.50
EE_5 0.44 (0.040)%#* -2 2
EE_6 0.45 (0.040)##* -2 -2
EE_7 0.46 (0.030)%** -2 -2
Social engagement (SE) SE_1 0.77 (0.060)***  0.77 (0.060)*** .80 0.51 0.41
SE_2 0.77 (0.060)***  0.77 (0.060)*** 0.41
SE_3 0.60 (0.050)***  0.60 (0.050)*** 0.64
SE_4 0.69 (0.050)***  0.69 (0.050)*** 0.52

CR composite reliability, AVE average variance extracted

The value was not estimated because the indicator was deleted due to a loading lower than 0.55

wokp < 001

Socioeconomic status

To determine the relationships between curiosity, engagement, and inquiry abilities, this
study also measured and controlled students’ socioeconomic status because it has been
identified as an influential factor affecting students’ academic performances (May 2006).
Four items were used to assess socioeconomic status. Two items asked students to indicate
their parents’ education levels from no education (0) to having graduate degrees (6). One
item was to estimate their family income according to seven income ranges (coded as 1-7).
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The last item reported the availability of home possessions and family conditions includ-
ing rooms owned by students, cars, video recorders, two or more televisions, two or more
digital computing devices (i.e., desktop, laptop and tablet computers), and mobile phones
owned by their families. The z-scores of the four items were calculated and summed up as
a SES variable.

Data analysis
Structural equation modeling

We took a two-step modeling approach (Anderson and Gerbing 1988) to test our hypoth-
esized model. In the first step, CFA was employed to examine construct validity and to
investigate whether the hypothesized relationships between indicators and the associated
latent variables in our measurement model were valid. The relationships among items of
the same latent variable were examined by convergent validity, and the factor loading must
be larger than 0.55 (Comrey and Lee 1992; Harrington 2008). Furthermore, the reliabil-
ity was demonstrated by composite reliability coefficients with a satisfactory value greater
than 0.60 (Fornell 1982). The minimum cut-off of average variance extracted (AVE) for
each latent variable was 0.50 to indicate that a greater common variance is captured by a
construct than the amount of variance due to measurement error (Bagozzi and Yi 1988;
Fornell 1982).

In the second step, the latent relationships in our structural model were tested using
structural equation modeling with the validated latent variables. To avoid the confounding
effect of students’ computer experiences and socioeconomic status, the two variables were
used as controlling variables in the models to control all of the examined effects above and
beyond the effects of the two variables.

This study also used measures suggested by previous research to evaluate the goodness
of fit of our structural model. For the ’;—; ratio, as indicated by Bollen (1989), “there is no

consensus on what represents a ‘good’ fit, with recommendations ranging from ratios of 3,
2 or less [...] to as high as 5 (p. 278). We took the recommendation from Kelloway (1998)
and West et al. (2012) set 5 as the cut-off value. Other indications of good fit used in this
study included a root mean square error of approximation (RMSEA) below 0.08, a stand-
ardized root mean square residual (SRMR) less than 0.08, and a comparative fit index
(CFI) greater than 0.95 (Bentler 1990; Bowen and Guo 2011; Schreiber et al. 2006). These
indices and suggested criteria were employed to test the fitness between the collected data
and our structural model.

Weighting

In this study, when the two-stage stratified cluster sampling design was applied, the prob-
abilities of individual students being sampled were unlikely to be equal because of the var-
ied sizes of schools and classes. Such unequal probabilities may lead to under- or over-rep-
resentation of the target population and to biased estimates from such a sample. Therefore,
to better reflect the representativeness, sampling weights were calculated by using the
inverse of individual students’ probability of participation within the population stratum
where the students belonged. The house weights were then estimated by linearly transform-
ing the sampling weights so that the sum of the house weights was equal to the sample
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size. Finally, the house weights were applied and appropriated for the analyses that were
sensitive to sample size (Rutkowski et al. 2010).

Controlling variables

As mentioned previously, the variables of computer experience and socioeconomic status
were measured and controlled in this study in order to accurately determine the relation-
ships between curiosity, engagement, and inquiry abilities. We used the strategy suggested
by Spector and Brannick (2011) to eliminate the effects caused by computer experience
and socioeconomic status through controlling the covariance of these two variables in the
structural model. That is, we connected the two control variables to all the latent variables
in the model. We then explained and reported the relationships among curiosity, dimen-
sions of engagement, and inquiry abilities after the impact of the two control variables was
considered and extracted.

Results
Descriptive and Correlational Results

The descriptive statistics of the data showed that the values of Kolmogorov—Smirnov of all
indicators were significant ("Appendix A"). This result showed that the indicators in this
study were normally distributed (Justel et al. 1997). Thus, the maximum likelihood (ML)
was used to estimate the parameters of the structural equations (Bollen 1989).

Additionally, correlations between the indicators were examined. In general, most of
these indicators were significantly related to inquiry abilities and related to each other (see
"Appendix B"). However, some correlations of the indicators measuring the same latent
variables were lower than their correlations with indicators of other latent variables. This
implied that some indicators of the same variable (e.g., CE_5, CE_7) might not converge.
In addition, we examined the reliability of the 37 indicators of curiosity and engagement
("Appendix C"). The initial Cronbach’s o values ranged from 0.72 to 0.89. Although the
values revealed that the reliability of our instrument was acceptable (Cronbach 1951),
combining the reliability data with the correlational results, we removed nine items of
engagement that indicated low convergence and low internal consistency (i.e., CE_5,
CE_6, CE_7,BE_5, BE_6, EE_8, EE_9, SE_5, and SE_6). The Cronbach’s o values were
recalculated and ranged between 0.80 and 0.89 after nine indicators were deleted, which
suggested a high internal consistency of the variables ("Appendix C"). Five indicators for
inquiry-related curiosity and 23 for engagement (a total of 28 indicators) were used for the
subsequent modeling analysis.

Measurement modeling

CFA was employed to confirm the validity of the five latent variables (i.e., inquiry-related
curiosity, cognitive engagement, behavioral engagement, emotional engagement, and
social engagement) based on the reliability and coherence of indicators within each latent
variable. The CFA results presented the information about the convergent and discrimi-
nant patterns of the indicators and their corresponding latent variables in our measurement
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model. Table 3 shows the standardized factor loadings and residual variances of the indica-
tors for each latent variable in both the initial and re-specified measurement models.

In our initial model, the factor loadings of the 28 indicators were significant. However,
according to the suggested criteria, only 22 indicators were considered as reliable enough
because their loadings were greater than 0.55. Six indicators of engagement (BE_4, BE_7,
BE_8, EE_5, EE_6, and EE_7) with lower loadings were excluded from further analysis.
Thus, the re-specified loadings of indicators revealed a satisfactory value to their corre-
sponding variables.

Additionally, the fit indices derived from the CFA confirmed that the re-specified meas-
urement model had an overall adequate model-data fit. Although the chi-square test of the
re-specified measurement model showed a significant discrepancy between the re-specified
model and the data (° =820.38, df=199, p <0.001), the ratio of chi-square per degree of
freedom (§ = 4.12) below 5 suggested that the re-specified measurement model fitted well

to the data (Kelloway 1998; Lin and Tsai 2008). Moreover, the other indices indicated that
our measurement model had an overall good fit with the data (RMSEA =0.072 < 0.080,
SRMR =0.049 <0.08, and CFI=0.98>0.95).

After the fit indices were considered, the composite reliability (CR) and average vari-
ance extracted (AVE) indexes were estimated to examine the convergence of the five multi-
indicator latent variables (i.e., four dimensions of engagement and inquiry-related curios-
ity). All of the CRs ranged between 0.76 and 0.93 and exceeded 0.60 (Table 3) so the
five variables demonstrated sufficient internal consistency (Bagozzi and Yi 1988). In the
final specified model, while the AVEs of the other four latent variables ranged from 0.51
to 0.72, the AVE of cognitive engagement was lower than 0.50. Yet, Fornell and Larcker
(1981) indicated that a slightly lower AVE could be acceptable if the composite reliability
of the latent variable was larger than 0.6 because, according to their simulations, the con-
vergent validity of the variable was still adequate. As can be seen in Table 3, although the
AVE of cognitive engagement was 0.46, the composite reliability was 0.83, much higher
than the cut-off value of 0.6. Thus, together the AVEs and composite reliabilities revealed
that the convergent validity of the latent variables in this study was acceptable.

Furthermore, the square roots of all five AVEs were calculated to estimate the discrimi-
nant validity as presented in Table 4. All but one of the square roots were greater than the
correlations between each of the two latent variables. The correlation between cognitive
engagement and social engagement reached 0.80, which was higher than 0.68 (\/AVE of
CE) and 0.71 (\/AVE of SE). This implies a low discriminant validity and suggests that
cognitive and social engagement had a strong inter-correlation with each other. We further

Table 4 Discriminant validity for the measurement model

Latent variable Curi CE BE EE SE
Inquiry-related curiosity (Curi) (0.85)*

Cognitive engagement (CE) 0.64° (0.68)

Behavioral engagement (BE) 0.46 0.63 (0.96)

Emotional engagement (EE) 0.50 0.62 0.67 (0.84)

Social engagement (SE) 0.58 0.80 0.58 0.61 0.71)

“Diagonal in parentheses: square roots of average variance extracted (AVE) from indicators
Off-diagonal: correlations between constructs
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examined the Heterotrait-Monotrait (HTMT) ratio to ensure the discriminant validity of the
two constructs (Henseler et al. 2015). The HTMT of cognitive and social engagement was
0.807 in this study, lower than the suggested threshold of 0.85. These results confirmed the
discriminant validity of all constructs.

Structural modeling

In the second phase of our analysis, the structural relationships proposed in Fig. 1 were
examined and the fit indices were derived to support the fits between our structural model
and the data. The ratio of chi-square per degree of freedom was less than 5.0 (y°=1035.82,
df=304, p<0.001;=§—;3.41) and other fit indices indicated that our structural model had

an overall good fit with the data (RMSEA=0.064 <0.080, SRMR=0.057<0.08, and
CFI=0.97>0.95). The estimated model in Fig. 3 was thus adequate to describe the struc-
tural relationships between inquiry-related curiosity, the four dimensions of engagement,
and inquiry abilities.

Interplay among the dimensions of engagement

The first research question was to examine the relationships among the four dimensions
of engagement based on our hypothesized model. While Table 5 shows that the total
effects of the behavioral, social, and emotional engagement on cognitive engagement
were all significant, Fig. 3 reveals that the three dimensions affected cognitive engage-
ment through different paths. The results showed that behavioral and social engage-
ment were directly associated with cognitive engagement (effect=0.20, SE=0.05,
p<0.001 for behavioral engagement, and effect=0.57, SE=0.08, p <0.001 for social

A7*(.08)

Inquiry-related I L Inquiry
curiosity abilities

Social
engagement

16*** (.06)

Fig.3 The structural equation model of engagement in scientific inquiry. A bold line presents a significant
association, a dotted arrow line presents an insignificant association, and the arrow presents the direction.
The value presents the factor loading between the two variables. *p <.05. **p <.01. **¥p <.001
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Table 5 The standardized effects of behavioral, social, and emotional engagement on cognitive engagement

Exogenous variable Direct effect (SE) Indirect effect (SE) Total effect (SE)
Behavioral engagement 0.20 (0.05)*** -8 0.20 (0.05)***
Social engagement 0.57 (0.08)*** -2 0.57 (0.08)***
Emotional engagement 0.04 (0.03) 0.36 (0.05)%** 0.40 (0.04)***
Through behavioral engagement ° - 0.12 (0.03)*** -

Through social engagement € - 0.24 (0.05)*** -

Difference® - 0.12 (0.07) -

*No indirect effect on cognitive engagement

The pathway effect from emotional to cognitive engagement through behavioral engagement
“The pathway effect from emotional to cognitive engagement through social engagement
9dThe difference between the two pathway effects

**¥p <.001

engagement). On the other hand, emotional engagement did not directly link to cogni-
tive engagement (direct effect=0.04, SE=0.03, ns) but affected it through the other two
dimensions of engagement (indirect effectgy ,pg_,cp) =0.12, SE=0.03, p<0.001 and
indirect effectgg_,sp,cpy=0.24, SE=0.05, p <0.001). The total indirect effects of emo-
tional engagement on cognitive engagement was significant (total indirect effect=0.36,
SE=0.05, p<0.001). Furthermore, a comparison between the two indirect effects of
emotional engagement revealed no significant difference between the two pathway
effects (difference =0.12, SE=0.07, ns). This result indicated that behavioral and social
engagement had similar power to mediate the effect between emotional and cognitive
engagement. Overall, the results partially supported our hypothesis by showing that
emotional engagement could predict behavioral and social engagement, but emotional
engagement could only indirectly affect cognitive engagement.

Effects of the four dimensions of engagement on inquiry abilities

To answer the second research question, the effects of the four dimensions of engage-
ment on inquiry abilities were investigated. As shown in Table 6, our hypothesis
about the positive influence of the four dimensions of engagement on inquiry abili-
ties was not fully confirmed. Only the total effects of cognitive and emotional engage-
ment were significant (total effect=0.17, SE=0.08, p<0.05 for cognitive engage-
ment and total effect=0.14, SE=0.04, p<0.001 for emotional engagement). Among
the four dimensions, cognitive and emotional engagement played a relatively impor-
tant role in enhancing students’ inquiry abilities, and directly affected their inquiry
abilities  (effectcp_apiy) =0.17, SE=0.08, p<0.05 and effectgp iy, =0.17,
SE=0.08, p<0.05). Both of the two variables had the same explanation of variance
(R?=2.89%) to predict students’ inquiry abilities, separately. Yet, a close examination
of the effects revealed that although the total effects of behavioral and social engage-
ment on inquiry abilities were not significant, they indirectly affected students’ inquiry
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Table 6 The standardized effects on inquiry abilities

Exogenous variable Direct effect (SE) Indirect effect (SE) Total effect (SE)
Cognitive engagement (CE) 0.17 (0.08)* -4 0.17 (0.08)*
Behavioral engagement (BE) —0.07 (0.09) 0.03 (0.02)* — 0.04 (0.08)
Social engagement (SE) —0.14 (0.13) 0.09 (0.05)* —0.05 (0.16)
Emotional engagement (EE) 0.17 (0.08)* —0.03 (0.02) 0.14 (0.04)%***
EE — CE — Ability - 0.01 (0.01) -

EE — BE — Ability - —0.04 (0.05) -

EE — BE — CE — Ability - 0.02 (0.01)* -

EE — SE — Ability - — 0.06 (0.06) -

EE — SE — CE — Ability - 0.04 (0.02)* -
Inquiry-related curiosity 0.16 (0.03)%* 0.06 (0.02)%*:* 0.22 (0.07)%**
Curi — EE — Ability - 0.03 (0.02) -

Curi — CE — Ability - 0.06 (0.03)* -

Curi — EE — BE — CE — Ability - 0.00 (0.00)* -

Curi — EE — BE — Ability - —0.01 (0.01) -

Curi — EE — SE — CE — Ability - 0.01 (0.00)* -

Curi — EE — SE — Ability - —0.01 (0.01) -

Curi — EE — CE — Ability - 0.00 (0.00) -

Curi — BE — Ability - —0.01 (0.01) -

Curi —BE — CE — Ability - 0.01 (0.00)* -

Curi — SE — Ability - —0.07 (0.07) -

Curi — SE — CE — Ability - 0.05 (0.02)* -

Ability inquiry ability, BE behavior engagement, CE cognitive engagement, Curi inquiry-related curiosity,
EE emotional engagement, SE social engagement, SE standard error

*No indirect effect on inquiry abilities
*p<.05. ¥*p<.01. ¥**p<.001

abilities, and their significant indirect influence on inquiry abilities was completely
mediated by cognitive engagement (effect gg_,cg_apiliy) =0.03, SE=0.02, p <0.05 and
effect se_,cE—ability) = 0-09, SE=0.05, p <0.05).

Inquiry-related curiosity affecting the dimensions of engagement

The third research question focused on the associations between students’ inquiry-related
curiosity and the dimensions of engagement. Figure 3 and Table 7 illustrate that the
total effects of curiosity on the four dimensions of engagement were all significant (total
effect (Curiosity — BE)=0.27, SE=0.05, p<0.001; total effect (Curiosity — SE)=0.58,
SE=0.04, p<0.001; total effect (Curiosity — EE)=0.19, SE=0.06, p <0.001; total effect
(Curiosity — CE)=0.75, SE=0.04, p<0.001). The results supported our hypothesis that
inquiry-related curiosity had a positive impact on the four dimensions of engagement.
Especially, the total effect of curiosity on cognitive engagement was the strongest. The
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Table 7 The standardized effects of inquiry-related curiosity on the dimensions of engagement

Exogenous variable Direct effect (SE) Indirect effect (SE) Total effect (SE)
On behavioral engagement 0.16 (0.02)*3#:* 0.11 (0.03)%:* 0.27 (0.05)%**
On social engagement 0.50 (0.03)*** 0.08 (0.02)*** 0.58 (0.04)***
On emotional engagement 0.19 (0.06)* -2 0.19 (0.06)***
On cognitive engagement 0.36 (0.02)*** 0.39 (0.02)%** 0.75 (0.04)***
Curi—BE—CE - 0.03 (.01 )% -
Curi—SE—CE - 0.29 (.04)%*** -
Curi—~EE—CE - 0.01 (.01) -
Curi—EE—BE—CE - 0.02 (.01)* -
Curi—»EE—SE—CE - 0.05 (.01)*** -

BE behavior engagement, CE cognitive engagement, Curi inquiry-related curiosity, EE emotional engage-
ment, SE social engagement, SE standard error

*No indirect effect on emotional engagement
*p<.05. ¥*¥p<.001

coefficient indicated that inquiry-related curiosity could explain the 56.25% covariance of
cognitive engagement with the mediation of emotional, behavioral, and social engagement.

Additionally, Table 7 shows that inquiry-related curiosity significantly affected all four
dimensions of engagement directly and that its direct effect on social engagement was par-
ticularly strong. Moreover, curiosity was indirectly, significantly associated with cognitive,
behavioral, and social engagement. As shown in Fig. 3, its indirect effects on behavioral
and social engagement were through emotional engagement (effect cyriosity—EE—pE) =0-11,
SE=0.03, p<0.01 and effectcyiosiy—EE—se)=0.08, SE=0.02, p<0.01). On the other
hand, the indirect influence on cognitive engagement was through multiple pathways
(Table 7). Among them, the strongest indirect effect was through social engagement
(effect curiosity—se—cey =029, SE=0.04, p<0.01). Together these results suggested that
curiosity was an important factor in promoting engagement in science activities.

Direct and indirect effects of curiosity on students’ inquiry abilities

The fourth research question addressed the impact of curiosity on students’ inquiry abili-
ties. The results showed the significant direct, indirect, and total effects of curiosity on
inquiry abilities (direct effect=0.16. SE=0.05, p <0.001; indirect effect=0.06. SE=0.02,
p<0.01; total effect=0.22. SE=0.02, p<0.01, for details see in Table 6). Our hypothesis
on the mediating role of engagement was not fully confirmed; as can be seen in Table 2,
the results suggested that while some pathways mediated by engagement were significant,
others were not. Among them, the pathways involving cognitive engagement were all sig-
nificant except for one (Curi— EE— CE — Ability). Overall, Fig. 3 illustrates that the
associations between curiosity and the four dimensions of engagement played a partially
mediated role in the relationship between students’ curiosity and inquiry abilities.
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Discussion and implications
Interplay among the dimensions of engagement

Previous studies have suggested inter-relationships among some dimensions of engagement
(e.g., Gunuc and Kuzu 2015; Li and Lerner 2013) and this study extends current knowl-
edge by demonstrating the internal dynamics of engagement in a disciplinary context.
While this study echoes the findings from the previous study by confirming the predic-
tive links from emotional engagement to behavioral and social engagement, our results do
not support a direct effect of emotional engagement on cognitive engagement, but suggest
an indirect influence through behavioral and social engagement. That is, during scientific
inquiry, students’ positive perceptions and feelings about inquiry activities may not deter-
mine their use of cognitive strategies and pursuit of achievement; rather, students’ emo-
tional engagement could trigger their attentiveness and on-task behaviors and enhance their
collaboration with others, which in turn would increase their cognitive efforts invested in
scientific inquiry.

These results related to the internal dynamics of engagement can provide useful infor-
mation for teachers and designers of science learning environments to facilitate a certain
dimension of engagement. Teachers could design interesting and meaningful science activ-
ities to enhance students’ perceptions and values of learning environments. Such high emo-
tional engagement could lead to students’ attentiveness and investment of time, and may
further support their cognitive engagement. Additionally, encouraging students to work in
groups and increasing their interactions with peers could promote social engagement that
may energize them to engage cognitively and to accomplish learning tasks.

Enhancing inquiry abilities through engagement

Consistent with the findings from previous research, this study supports the positive asso-
ciation between cognitive engagement and inquiry abilities. The significant direct effect
of emotional engagement on inquiry abilities suggests that students’ positive feelings and
perceptions of the inquiry activities in science laboratory classes may lead to better perfor-
mances in asking questions, analyzing data, doing experiments, and making explanations
during the scientific inquiry.

However, this result is not consistent with the finding of Wu and Hang (2007), which
indicated that the level of emotional engagement did not affect students’ achievement.
There may be several reasons for the different results of the two studies. First, to exam-
ine whether emotional engagement affected students’ learning achievement, Wu and Hang
(2007) divided students into three groups based on their scores on the questionnaire of
emotional engagement, and conducted a 2 (instructional approach) X 3 (emotional engage-
ment level) two-way ANOVA test on the achievement post-test. That is, Wu and Hang
(2007) categorized the continuous variable of emotional engagement to compare group
differences; however, according to Maxwell and Delaney (1993) and Altman and Royston
(2006), such a grouping method could cause a reduction in statistical power and lead to
false statistical significance. This statistical weakness caused by grouping was resolved in
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this study, which may have allowed a more accurate estimation of the effect from emo-
tional engagement. Additionally, the statistical methods (2-way ANOVA) used in Wu and
Hang (2007) did not consider effects from other dimensions of engagement and curiosity.
On the other hand, this study controlled possible confounding variables and used SEM to
identify direct and indirect effects of latent variables. The statistical methods used in this
study may be more appropriate to estimate the effects of engagement on learning. Thirdly,
the learning contexts were different in the two studies. While the Wu and Hang (2007)
study was set in technology-enhanced science learning environments, this study focused on
science laboratory classes. The nature of engagement may be different in these two types of
learning contexts, possibly leading to diverse effects. Finally, the two studies measured dif-
ferent learning outcomes. The learning outcome measured in this study was inquiry abili-
ties, whereas the learning achievement in Wu and Hang (2007) was students’ conceptual
knowledge. Different learning outcomes may have different associations to engagement. By
employing rigorous statistical methods, this study shows an evident association between
emotional engagement and inquiry abilities, and emotional engagement is significant in
promoting science learning when students participate in inquiry-based, hands-on activities
to develop skills or abilities. An important practical implication may be that an encourag-
ing learning environment where students’ positive perceptions about science inquiry are
facilitated may support students’ development of inquiry abilities.

Additionally, the question of whether social engagement affects students’ learning
achievement has been relatively under-investigated in early research. This study indicates
that although social engagement did not directly affect students’ inquiry abilities, its indi-
rect effect was significant and completely mediated by cognitive engagement. These results
support the benefits of collaborative learning. The results also imply that students’ interac-
tions with peers could enhance their use of cognitive strategies and increase intellectual
investment in inquiry activities, which may then promote better performances in inquiry.

Inquiry-related curiosity affecting engagement and inquiry abilities

Previous studies have indicated that curiosity can stimulate students to explore why and
how a phenomenon occurs, and suggested that such a mechanism-searching process could
facilitate their learning in science (Chin and Osborne 2008; Luce and Hsi 2015). This study
advances current knowledge of how curiosity affects engagement and inquiry abilities by
differentiating the pathways from students’ curiosity to the four dimensions of engagement
and inquiry abilities. First, the results of this study underscore the critical role of inquiry-
related curiosity in promoting students’ engagement in all four dimensions. The significant
direct and indirect relationships imply that students’ curiosity about scientific inquiry could
evoke students’ positive emotions, sustain their on-task behaviors, encourage interactions
with peers, and initiate the use of cognitive strategies. Through different dimensions of
engagement, students’ inquiry abilities could be facilitated. Additionally, the direct effect
on inquiry abilities indicates that inquiry-related curiosity may activate the development of
inquiry abilities because students with a higher level of curiosity could be more willing to
formulate scientific questions, conduct experiments and generate scientific explanations.

If curiosity is such an important indicator in scientific inquiry, how can teachers and
educators promote students’ curiosity in scientific inquiry? Increasing the frequency
of students’ science laboratory classes and their learning opportunities in informal
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science-designed settings (e.g., science camps, museums, and environmental centers) may
be beneficial (Wu et al. 2018). Furthermore, teachers could identify the topics or questions
that intrigue students, and design inquiry tasks around those topics (Krajcik and Czerniak
2007). Allowing students to explore questions they are curious about could sustain their
engagement in scientific inquiry and could subsequently promote the development of their
inquiry abilities.

Limitations of the study

Although this study advances understanding of the relationships between curiosity, engage-
ment, and inquiry abilities, the results of this study were subject to the following limi-
tations. The first limitation is regarding our assessment framework. The inquiry abilities
covered in this study were limited to four inquiry phases: asking scientific questions, plan-
ning experiments, analyzing data, and formulating scientific explanations. Other inquiry
abilities, such as modeling, argumentation, and communication, were not examined in this
study. In addition, this study viewed the inquiry abilities as a unidimensional construct, and
unidimensional Rasch models were used to estimate students’ inquiry abilities. This study
did not estimate plausible values for each of the four abilities because our previous study
(Kuo et al. 2015) supported a unidimensional structure and showed that “the correlations
among the four inquiry components were higher than the person separation reliabilities of
the four components.” Future studies may thus consider including more inquiry abilities
in their assessment frameworks and when more abilities are evaluated, the structure of the
constructs may change and different inquiry abilities may be viewed as having multiple
dimensions.

A second limitation is from our choice of factors that affect students’ inquiry abilities.
Although the four dimensions of engagement significantly affected inquiry abilities directly
or indirectly (Table 6), the effect sizes were small and the covariance of inquiry abilities
that could be explained by engagement was low. The results suggest that other motivational
and cognitive variables may be associated with inquiry abilities. For example, Nehring
et al. (2015) used the hierarchical regression analysis to investigate how multiple student
charateritics contribute to inquiry skills in chemistry. They found that the cognitive vari-
ables (e.g., conceptual knowledge in chemistry, intelligence, and perceived cognitive load)
predicted 47% of the inquiry skills while the motivational variables (e.g., interest in scien-
tific investigation and self-concept in chemistry) explained these skills up to 25%. Future
research may draw upon different theoretical perspectives, take more variables into consid-
eration, and establish a more comprehensive model to explain the development of inquiry
abilities.

Thirdly, in the engagement questionnaire, instead of using the term “inquiry,” we
described the learning context as a “science laboratory” (Table 1). The research literature
in science education has made a clear distinction between science laboratory and inquiry
(e.g., Hofstein and Lunetta 2004); however, previous research also revealed the variety of
meanings associated with the term inquiry (e.g., Abd-El-Khalick et al. 2004). In Taiwan,
the term inquiry was not formally introduced to teachers and students until the new sci-
ence curriculum guidelines were launched in 2019. When this study was conducted, con-
sidering students’ unfamiliarity with “inquiry,” we decided to carefully describe the activi-
ties in the items and use common terms in science classes in Taiwan, such as experiment
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and laboratory, to refer to inquiry. This was a difficult research decision because while the
choice of inappropriate terms may undermine the validity of the questionnaire, partici-
pants’ misinterpretations and lack of knowledge of the terms may reduce the quality of the
data (Krosnick and Presser 2010). This limitation could be resolved in our future study as
new inquiry-based science curricula are implemented and Taiwanese teachers and students
become more familiar with science inquiry.

Conclusion

Researchers and educators in science education advocate a focus on scientific inquiry, and
promoting students’ inquiry abilities has been identified as a key objective of science edu-
cation. This study sheds light on how to foster students’ inquiry abilities by enhancing dif-
ferent dimensions of engagement and promoting students’ curiosity. This study constructed
a model of engagement in scientific inquiry and explored how four dimensions of engage-
ment (i.e., cognitive, behavioral, emotional, and social) were driven by inquiry-related
curiosity and affected students’ inquiry abilities. The results showed that students’ curios-
ity was associated with their inquiry abilities, and such an association was partially medi-
ated by the four dimensions of engagement in science laboratory classes. Moreover, among
the four dimensions of engagement, only cognitive and emotional engagement had signifi-
cant total effects on students’ inquiry abilities, and the influence of behavioral and social
engagement on inquiry abilities was completely mediated by cognitive engagement. These
results suggest a critical role played by emotional engagement, cognitive engagement, and
curiosity in science inquiry. Therefore, to develop students’ inquiry abilities, teachers and
educators should create an encouraging and collaborative learning environment where stu-
dents could follow their curiosity, have positive perceptions of science inquiry, and be will-
ing to make cognitive efforts in inquiry activities.
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Appendix B

Correlation matrix of the indicators (N =605).

Indicators pv_1  Curil  Curi2 Curi3 Curi4 Curi5 CE_1 CE2 CEJ3 CE4
pv_l 1

Curil 0.170" 1

Curi2 0.132" 0.637" 1

Curi3 0.214™ 0.574™ 0.663" 1

Curi4 0219 0.630™ 0.616" 0.698™ 1

Curi5 0.160™ 0.576™ 0.571™ 0.620™ 0.662™ 1

CE_l 0.109™ 0.293" 0.263" 0269 0.330" 0.344™ 1

CE_2 0.078  0.356™ 0.322" 03277 03697 03377 04317 1

CE_3 0.122™ 0.332™ 0.288" 0.294™ 0349 0348 0.346™ 0.618" 1

CE_4 0.210™ 0.390™ 0.383"" 0364 0.445™ 0.396™ 0.508" 0.521" 0.526" 1
CE_5 0.05  0.005 0.046 0.1197 0013 0016 0.07 0.117" 0.019  0.079
CE_6 0.099" 0.089" 0.104" 0.119™ 0.082" 0.103° 0.062  0.112" 0.017 0.130"
CE_7 —0.06 —0.021 —0.036 —0.036 —0.062 —0.042 —0.099" 0.120” 0.092° 0.045
CE_8 0.076 0268 0275 0265™ 02727 0275 03917 0446 0.433" 0.399"
CE_9 0.142™ 0.312™ 0302 0.366™ 0.324™ 0338 0.304™ 0446 0.508" 0.467"
BE_1 0.135™ 0247 0.288" 0.289" 0.308™ 0.303™ 0.509™ 0.335" 0.316™ 0.455™
BE_2 0.157" 0.305™ 0.344™ 0359 0385™ 0347 0.487 0.363™ 0.357" 0.493™
BE_3 0.165™ 0.354™ 0360 0395 0412 0374 0.489™ 0.495™ 0.402™ 0.574™
BE_4 0.055 0239 0.198" 0227 0.219" 02317 03577 02477 0234 0.289"
BE_5 0.006 0.288" 0.283" 0287 0.281™ 0295 02517 0352 0395 0.347"
BE_6 0.245"™ 0.034  0.041  0.100° 0.063 0064 0.154™ 0.025 0011 0.158"
BE_7 0.128" 0.031  0.079 0.130™ 0.089" 0.056 0.192" 0.072 002  0.125"
BE_8 0.188™ 0.158™ 0.150" 0.187"" 0.174™ 0.129™ 0.171" 0.153™ 0.077 0.240™
EE_1 0.210™ 0.250™ 0.298" 0.332" 0321 0303 0365 0.312" 0.239™ 0.348™
EE_2 0.183™ 0267 0370 0.382" 0354 0336™ 0.407" 0.406™ 0.350" 0.4417
EE_3 0.213™ 0.344™ 0424™ 0452 04117 0418 0392 0456 0.397" 0.480™
EE_4 0.174™ 0.244™ 0278 02877 0.326™ 0264 0338 0346 0.279" 0.386"
EE_5 0.063  0.02 0.124™ 0.143 0.076  0.110™ 0.136" 0.097° 0.025 0.135"
EE_6 0.129™ 0.033  0.124™ 0.165™ 0.123" 0.126™ 0.133" 0.104° 0.03  0.195"
EE_7 0.203™ 0.113™ 0.189" 0.237" 0.149™ 0202 0207 0.145" 0.152" 0.265™
EE_8 0.131™ 0.047 0.086" 0.100° 0.082" 0.066 0.085" 0.018 0.023 0.131
EE_9 0.160™ 0.03 0.073  0.068 0.091" 0.036 0.04 —-0.01 0012 0.08"
SE_1 0.075  0.352™ 0.354" 0314 03657 0370 0.334™ 0.499™ 0.500” 0.445™
SE_2 0.096" 0.278™ 0.368" 0.357" 0343 0379 03207 0.392" 04107 0.442™
SE_3 0.171" 02417 0231 0291 0355 0304 0.300™ 0295 0.332" 0.377"
SE_4 0.139" 0.284™ 0267 0.294™ 0320 0310 0.396™ 0420 0397 0.453"
SE_5 0.05 0037 0096 0.082° 0054 0049 0.085" 0.021 0064 0.071
SE_6 0.126™ 0.048  0.084" 0.129™ 0.077 0.099° 0.077  0.088" 0.109"" 0.108"
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Indicators CE_5 CE_.6 CE7 CE8 CE9 BE.l BE2 BE3 BEA4
pv_l

Curil

Curi2

Curi3

Curi4

Curi5

CE_1

CE_2

CE_3

CE_4

CE_5 1

CE_6 0.610™ 1

CE_7 0.309" 0393 1

CE_8 0.109™  0.068 0.049 1

CE_9 0.069 0.086°  0.080" 0.494™ 1

BE_I 0.109"  0.143™ —0.080" 0264 0312 1

BE_2 0.087° 0150 —0.011 0288 0352 0.866™ 1

BE_3 0.150"  0.264™  0.061 0360 0409 0.646” 0.675" 1

BE_4 0.108"  0.100° —0.131" 0.236™ 0201 0.504™ 0473 04657 1

BE_5 0.009 0.057 0.005 0.382" 0439 0303 0342 0.380" 0.353"
BE_6 0274 02877  0.138"™ 0.018  0.018  0.165 0201 0.150" 0.019
BE_7 0.354™ 0401  0.159™ 0.058  0.071 0292 02737 0219" 0.174™
BE_8 0.354™ 04417 0235 0.144™ 0.1277 0.176" 0.230" 0322 0.077
EE_1I 0.094" 0212  0.094" 0.245™ 0265 04477 0462 0479 0218
EE_2 0.160"  0.235  0.102" 0.328"  0.370" 0.558"" 0.570" 0.579" 0.298"
EE_3 0.123"  0.178"  0.099" 0380 0438 0.520 0.556" 0.581" 0.277"
EE_4 0.088"  0.174™  0.077 0.234™ 0317 0450 0.449" 0.503" 0.259™
EE_S 0.330"  0.354™  0.165" 0.076  0.049 0268 02777 0266 0.133"
EE_6 0264 0324 0.154™ 0.098" 0.066 02477 0252 0284 0.115™
EE_7 0293 0348  0.151" 0.144™ 0.156™ 0.323" 0333 0345 0.195"
EE_8 0.182"  0.248™  0.142" 0.015  0.031 0172 02077 0.188" 0.096"
EE_9 0.147""  0.239™  0.134™ —-006 —001 0125 0.176" 0.117" 0.025
SE_1 0.045 0.092"  0.068 0381 0.519™ 0.380" 0384 0476 0.255"
SE_2 0.056 0.109™  0.041 0.388™ 04517 03727 0.402" 04677 0.373"
SE_3 —0.029 -0.005 -—0082" 028" 0332" 0351 0361 03307 0276
SE_4 0.065 0.092°  0.008 0.316™ 0.419™ 0444™ 04297 0481" 0.296™
SE_5 0220 02477 0.203™ 0.065  0.05 0.150” 0.149™ 0.104" 0.171"
SE_6 0.183" 0236 0.188" 0.085° 0200 0.130 0.1577 0.107" 0.089"
Indicators BE_5 BE6 BE7 BES8 EE EE2 EE3 EE4 EES5 EEG6

pv_1

Curil
Curi2
Curi3
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Indicators BE_5 BE6 BE7 BES8 EE1 EE2 EE3 EE4 EES5 EEG®6

Curi4

Curi5

CE_1

CE_2

CE_3

CE_4

CE_5

CE_6

CE_7

CE_8

CE_9

BE_1

BE_2

BE_3

BE_4

BE_5 1

BE_6 —0.121" 1

BE_7 0.061 0.508™ 1

BE_8 0.008 0.577" 0.522™ 1
EE_1 0287 0.204" 0210 0210 1
EE_2 03617 0.189" 0.236™ 0.230™ 0.778" 1

EE_3 0.414™ 01717 0.218™ 0.222" 0.682" 0.835 1

EE_4 0.304™  0.184" 0.236™ 0.195" 0.633" 0.634™ 0.628™ 1

EE_5 0.101" 0350 0.424™ 0.381™ 03717 03777 0.315™ 0300 1

EE_6 0.055 0.448™ 0.435™ 0.430" 0.465™ 0.406" 0.323™ 0350 0.677" 1
EE_7 0.143™  0.449™ 0.444™ 0.489™ 0.386™ 0.405™ 0.374™ 0296 0.546™ 0.677"

EE_8 —0.037 0.430™ 0.376™ 0398 0216 0206 0.171" 0249 0457 0.525™
EE_9 —0.025 0.340™ 0.323" 0361 0.128™ 0.136™ 0.106™ 0.177"° 0.328" 0.355™
SE_1 0447  —0.01 0.045 0.090" 0334 0413 0450 0.320™ 0.074 0.091
SE_2 0.464™  0.058 0.118™ 0.135™ 0354 0461" 0.464™ 0.374™ 0.109” 0.138"
SE_3 0292 0.110™ 0.069 0076 0.328" 0.333" 0350 0.364™ 0.114™ 0.132"
SE_4 0.375™  0.084" 0.107 0.092" 0407 0419™ 04217 04317 0.162" 0.199™
SE_5 0.082" 0.293" 0.299™ 0.306™ 0.129" 0.198" 0.117"° 0.101" 0285 0.316"

SE_6 0.082" 0.396" 0337 0.335™ 0.160"° 0201 0.171" 0.144™ 0261" 0.316"
Indicators EE_7 EE_8 EE_9 SE_1 SE 2 SE_3 SE_4 SE_5 SE_6

pv_1

Curil
Curi2
Curi3
Curi4
Curi5
CE_1
CE_2
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Indicators  EE_7 EE_8 EE_9 SE_1 SE_2 SE_3 SE_4 SE_5 SE_6

CE_3
CE_4

CE_5

CE_6

CE_7

CE_8

CE_9

BE_1

BE_2

BE_3

BE_4

BE_5

BE_6

BE_7

BE_8

EE_I

EE_2

EE_3

EE_4

EE_5

EE_6

EE_7 1

EE_8 0496 1

EE_9 0397 0574 1

SE_1 0.156™ —0.03 —0.022 1

SE_2 0.235"  0.014 0.017 0.663™ 1

SE_3 0.155"  0.024 0.048 0.406™ 0474™ 1

SE_4 0.223"  0.061 0.079 0.490™  0.501™  0.549™ 1

SE_5 0.396™ 0265 0.178"  0.063 0.246™  0.068 0.097" 1
SE_6 0.349™  0.394™ 0297  0.058 0.163™  0.139™ 0.163" 0474 1

PV_1 represents the first of the plausible values to which the indicator of students’
inquiry abilities refers. Curil to Curi5 represent the indicators of the inquiry-related curios-
ity. CE_1 to CE_9 represent the indicators of the students’ cognitive engagement. BE_1
to BE_8 represent the indicators of the students’ behavioral engagement. EE_1 to EE_9
represent the indicators of the students’ emotional engagement. SE_1 to SE_6 represent the
indicators of the students’ social engagement.

*p <0.05. ¥*p <0.01. ***p <0.001

Appendix C

Validation of the 37 indicators (N =605).
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Variable/indicators Cronbach’s a Cronbach’s a if Indica-
tor Deleted
Curi 0.89(5)a —
Curi_1 0.707 —
Curi_2 0.732 —
Curi_3 0.757 —
Curi_4 0.777 —
Curi_5 0.712 -
CE 0.77 (9)a 0.83 (6)*
CE_1 — 0.75
CE_2 — 0.72
CE_3 — 0.73
CE_4 — 0.73
CE_5° — 0.77
CE_6° — 0.76
CE_7° — 0.78
CE_8 — 0.73
CE_9 — 0.73
BE 0.80 (8)a 0.80 (6)°
BE_1 — 0.74
BE_2 — 0.74
BE_3 — 0.75
BE_4 — 0.78
BE_5° — 0.81
BE_¢° — 0.80
BE_7 — 0.79
BE_8 — 0.79
EE 0.87 (9)a 0.88 (7)*
EE_I — 0.84
EE_2 — 0.84
EE_3 — 0.85
EE_4 — 0.85
EE_5 — 0.85
EE_6 — 0.85
EE_7 — 0.85
EE_8" — 0.86
EE_9° — 0.87
SE 0.72 (6)a 0.81 (4
SE_1 — 0.66
SE_2 — 0.62
SE_3 — 0.68
SE_4 — 0.66
SE_5° — 0.74
SE_6° — 0.73

#The numbers in the parentheses show the numbers of indicators for each variable
"The indicators were deleted for better reliabilities
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