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Critical thinking is a common aim for higher education students, often described as general competencies to be acquired through entire programs as well as domain-specific skills to be acquired within subjects. The aim of the study was to investigate whether statistics-specific critical thinking changed from the start of the first semester to the start of the second semester of a two-semester statistics course, where the curriculum contains learning objectives and assessment criteria related to critical thinking. The brief version of the Critical Thinking scale (CTh) from the Motivated Strategies of Learning Questionnaire addresses the core aspects of critical thinking common to three different definitions of critical thinking. Students rate item statements in relation to their statistics course using a frequency scale: 1 = never, 2 = rarely, 3 = sometimes, 4 = often, and 5 = always. Participants were two consecutive year-cohorts of full-time Bachelor of Psychology students taking a two-semester long statistics course placed in the first two semesters. Data were collected in class with a paper-pencil survey 1 month into their first semester and again 1 month into the second. The study sample consisted of 336 students (ncohort 1 = 166, ncohort 2 = 170) at baseline, the follow-up was completed by 270 students with 165 students who could be matched to their baseline response. To investigate the measurement properties of the CTh scale, item analysis by the Rasch model was conducted on baseline data and subsequently on follow-up data. Change scores at the group level were calculated as the standardized effect size (ES) (i.e., the difference between baseline and follow-up scores relative to the standard deviation of the baseline scores). Data fitted Rasch models at baseline and follow-up. The targeting of the CTh scale to the student sample was excellent at both timepoints. Absolute individual changes on the CTh ranged from −5.3 to 5.1 points, thus showing large individual changes in critical thinking. The overall standardized effect was small and negative (−0.12), with some variation in student strata defined by, gender, age, perceived adequacy of math knowledge to learn statistics, and expectation to need statistics in future employment.
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INTRODUCTION

Critical thinking is a central concept in higher education, and as it has become relevant at both the individual and societal level it will not only improve students’ academic success but also the quality of education (Ren et al., 2020). The scientific literature has investigated the responsibility of educational institutions in training students in competencies that enables them to be future citizens ready to be an acting part of the society by making them critical thinkers (Kuhn, 1999; Paul and Elder, 2005). Thus, there has been a growing interest in the incorporation of critical thinking in the education curricula making critical thinking one of the main aims (Lau, 2015; McGuirk, 2021). With regard to the outcome of higher education, critical thinking is predominantly construed as generic, as it is described in terms of the competencies, students are expected to possess at the completion of a degree program (see Supplementary Appendix 2 for the competency description for a degree program in this study). However, in terms of incorporating critical thinking into higher education programs, this appears rarely to be in the form of independent courses teaching critical thinking. More often critical thinking seems to be implemented through teaching methods and specifically designed activities within subject courses thus construing critical thinking as domain-specific, or simply by using the term critical thinking in the curriculum description without clear definitions, program- or course-determined approaches to teaching toward critical thinking (c.f. Supplementary Appendix 2 for the current study). These two levels of implementing critical thinking in higher education tie to the discussion of critical thinking as generic/general or domain- and subject-specific.

There are different ways of understanding critical thinking that involve different implications for practice, so there is no consensus on a single definition (Moseley et al., 2005). Commonly in the literature, there is a distinction between thinking or cognitive skills and dispositional aspects of critical thinking, but as two sides of critical thinking and not separate positions. Two prevalent authors in the field, whose definitions or instruments many draw on in their research, are Facione and Halpern. Facione (1990) conducted a large Delphi study to narrow down the components of critical thinking, and the panel reached a consensus conceptualization of critical thinking as consisting of two dimensions: cognitive skills and affective dispositions. He further defines critical thinking as “the purposeful, self-regulatory judgment which results in interpretation, analysis, evaluation, and inference, as well as explanation of the evidential, conceptual, methodological, criteriological, or contextual considerations upon which that judgment is based” (Facione, 1990, p. 3). Halpern (2014) understand critical thinking as “the deliberate use of skills and strategies that increase the probability of a desirable outcome” (p. 450) and that critical thinking is involved in “solving problems, formulating inferences, calculating likelihoods, and making decisions” (p. 8), and thus also refer to both skills and dispositions. Facione and Halpern also make the distinction of critical thinking skills being assessed as the abilities to demonstrate critical skills in tasks or assignments, while critical thinking dispositions are assessed by self-report instruments. However, in the empirical studies in the field, there is no consensus on this. Thus, studies using self-report instruments have claimed to assess critical thinking skills (e.g., Ricketts and Rudd, 2005), studies employing critical thinking dispositions self-report instrument has claimed to assess critical thinking skills with this (e.g., Kanbay et al., 2017), and lastly, studies claiming to assess abilities are doing this through to some degree subjective teacher evaluations using short rubrics1 (e.g., Ralston and Bays, 2015). See the following sections for more details on these studies. At a general level, there appears to be a conceptual shift toward using the term skills and then differentiating between assessed and self-report. Thus, in the remainder of this article, we simply use the term critical thinking skills, while recognizing that we use a self-report instrument to assess this, thus assessing students’ perceptions of their critical thinking skills.


Critical Thinking as Generic/General Skills or Domain-Specific Skills

One particularly pertinent discussion in the field is whether critical thinking skills are generic/general skills or whether they are domain-/subject-specific (Tiruneh et al., 2017).

The view of critical thinking as a generic set of skills applicable across domains is based on the common features of critical thinking tasks across a wide variety of domains (e.g., Halpern, 1998; Kuhn, 1999). While Halpern (1998) is a proponent of critical thinking as a set of generic skills, her “Four-Part Model for Enhancing Critical Thinking” to teach critical thinking acknowledges that critical thinking takes place within a knowledge domain and should be taught within this domain. However, this does not mean that Halpern considers critical thinking as domain-specific, but rather that the domain is the learning context for skills, which can be applied more universally across domains after being mastered. The view of critical thinking as domain-specific emphasizes that different domains have different criteria relating to critical thinking and thus the skills required inevitably vary across domains (e.g., McPeck, 1992; Moore, 2011). The issue is more likely not an either/or issue, but an issue of both in combination, as content and critical thinking tasks and skills might differ across domains as they are invariably linked to the domain-knowledge, but there are also commonalities across domains, due to the cognitive processes involved in critical thinking (e.g., Bailin et al., 1999). As such, critical thinking may be regarded as a set of domain-specific skills of which some also belong to the set of generic or general critical thinking skills. Whether there is in fact a transfer effect from the domain-specific learning of critical thinking skills to other domains or adding on to generic critical thinking skills, as suggested in some of the literature, is another pertinent issue in the critical thinking field. However, this is not a central topic in the current study, as we are concerned with domain-specific critical thinking skills and their development in the first part of university studies.



Critical Thinking Skills in First-Year University Students and Their Development

First-year university students are particularly interesting when it comes to studying critical thinking skills and how they develop, as many higher education teachers and researchers concur that “first-year students often enter higher education without the ability to use higher-order thinking skills to master their studies” (De Jager, 2012, p. 1374). Much of the research into critical thinking skills of first-year university students and the development of critical thinking skills during university, has been focused on the development of teaching models and methods to enhance critical thinking, assessing their effects, and comparing how different teaching methods affect the critical thinking of the students. One example is Saenab et al. (2021) who developed the ReCODE model (Reading, Connecting, Observing, Discussing, and Evaluating) to improve first-year Biology students’ acquisition of critical thinking. The outcome was positive with regard to enhancing students’ critical thinking over the course of 3 months, however, it was only used on 38 students. Thomas (2011) developed the “Embedding generic skills in a business curriculum”-program consisting of activities and assessment resources for university teachers to develop critical thinking skills with their first-year students, and emphasize that these skills should be developed in the first year. The suggestions were not tested. On a similar note, Hammer and Green (2011) redesigned a written assessment in the form of a case-based business report for first-year management students in order to facilitate better development of critical thinking as this was part of the requirements for passing. The authors used the percentage of passing students to evaluate the success of the redesign – this went from 78.8 to 84% – but details of the teachers’ assessments were not provided, and thus how critical thinking was assessed was not divulged beyond its being a teacher assessment. Ralston and Bays (2015), on the other hand, found that Engineering students’ (n = 182) critical thinking increased during the course of their undergraduate studies, which had purposely been designed to incorporate assignments focused on critical thinking. A four-point, holistic critical thinking rubric was designed for the purpose of the study to evaluate domain-specific critical thinking. As a final example, Tiruneh et al. (2017) compared both domain-specific and general critical thinking skills for first-year students in an introductory Physics course (n = 143), using the Halpern Critical Thinking Assessment (HCTA; Halpern, 2015); a standardized scenario-based instrument with 25 everyday scenarios assessing general critical thinking skills by means of computerized scoring in combination with trained grader scoring. The study compared three different instructional designs and found that students in what they termed immersion and infusion designs (intervention) outperformed students in the control design significantly with regard to domain-specific critical thinking as well as course achievement. However, neither of the intervention designs fostered the acquisition of general critical thinking skills.

It is evident that there is an abundance of studies on various methods to enhance students’ critical thinking skills in the first year and over the course of university studies. However, critical thinking in first-year students has also been investigated with regard to its “natural” development over time (i.e., no particular design implemented to enhance critical thinking) and how critical thinking is related to other psychological and educational constructs, e.g., emotional intelligence (Kaya et al., 2017; Sahanowas and Halder, 2020) and perceived academic control (Stupnisky et al., 2008). Sahanowas and Halder (2020) used the University of Florida - Engagement, Cognitive Maturity and Innovativeness assessment (UF-EMI, Ricketts and Rudd, 2005), which is a self-report instrument measuring generic critical thinking, in a cross-sectional study with the first-year students in various disciplines (n = 500) found that emotional intelligence was positively related to critical thinking. Kaya et al. (2017) in their study of Nursing students find that they possess a low level of critical thinking at the start of the first academic year, and while critical thinking was positively associated with emotional intelligence at the start, neither developed over the course of the year. Kaya et al. (2017) made use of a Turkish translation of the California Critical Thinking Disposition Scale (Facione et al., 1998), which is a self-report measure of generic critical thinking. Stupnisky et al. (2008) conducted a longitudinal study with Psychology students (n = 1,196) with the Motivated Strategies for Learning Questionnaire (MSLQ; Pintrich et al., 1991), which contains a domain-specific self-report critical thinking scale, and found a reciprocal relationship between critical thinking and perceived academic control, so that students perceived academic control 1 month into the first year predicted critical thinking 6 months later, while critical thinking 1 month into the first year also predicted perceived academic control 6 months later. Another example, of a study on the “natural” development of critical thinking over time, is Kanbay et al. (2017) who assessed critical thinking in Nursing students (n = 46), with the (California Critical Thinking Disposition Scale, see above) at the start of the first year and at the end of the second, third and fourth years of study. Their results revealed a medium level of critical thinking at the beginning and no improvement in critical thinking across the four-year period of time, not statistically and not at the absolute level. In a qualitative study, Özelçi and Çalışkan, 2019, interviewed 11 teacher candidates two times about their critical thinking. The results showed no change in self-perception in critical thinking from the first to the fourth year of study.



Development of Students’ Statistics-Related Critical Thinking

Turning to the domain-specific concept of statistics-related critical thinking, several studies have been conducted. Bensley et al. (2010) studied the acquisition of critical thinking skills in instructional different groups of students enrolled in a research methods course by the psychological Critical Thinking Test (Bensley and Baxter, 2006), which is a domain-specific multiple-choice test. More specifically they compared the acquisition of critical thinking skills for analyses of psychological arguments students who had critical thinking skills infused directly into their course with students where this was not the case. The infusing of critical thinking skills consisted of using a methodologically oriented textbook as well as a critical thinking textbook, as well as examples and practice of critical thinking through exercises and corrective feedback. The non-infusing courses used another textbook that embedded statics instruction within a research design and methodology discussion. The study found that the group of students who had received instruction aimed explicitly at critical thinking showed significantly greater gains in argument analysis skills than the students who had received no explicit critical thinking instruction. Contrary to this, Goode et al. (2018) compared how critical thinking was expressed in early and late writing assignments using specific critical thinking learning objectives recommended by the American Psychological Association (i.e., effective use of critical thinking, use of reasoning in argument, and problem-solving effectiveness) for psychology students assigned at random to a face-to-face and a blended learning versions of a statistics and research design course. Goode et al. (2018) developed a domain-specific scoring rubric with three areas being scored from ‘does not meet expectations’ to ‘far exceeds expectations’ for the teachers’ assessment of critical thinking. The difference between the two instructional designs was simply that the blended learning version of the course was taught as a 50/50 flipped hybrid of the face-to-face course. Thus, in the blended learning hybrid, students attended face-to-face classes once a week rather than two, and for the second weekly class, they viewed online lectures and worked with other materials outside of the class setting. There was no significant difference in the development of critical thinking between students in the face-to-face and students in the blended learning design. However, an instructor effect was found, showing that student assigned to classes by two instructors increased their critical thinking significantly more than students assigned to two other instructors, and for one instructor both randomly assigned groups of students had a decline in critical thinking during the course. Setambah et al. (2019) evaluated how the critical thinking skills of teacher preparation students in their second semester developed in a basic statistics course employing Adventure-Based Learning (ABL) compared to a control group not receiving ABL. They found that after 10 weeks there was no significant difference, while there was weak evidence for a difference favoring the experimental groups after a further 8 weeks. Lastly, Cheng et al. (2018) showed how the critical thinking of undergraduate students taking introductory statistics classes within various degree programs increased across semester-long courses incorporating assignments, in-class discussion, and Socratic dialog. Cheng et al. (2018) designed a domain-specific rubric with four dimensions related to critical thinking to be scored by domain-specialists and as well as a student self-report survey to assess students’ perceptions of improvement in critical thinking.

With regard to the domain-specific statistics-related critical thinking, there appears to be a lack of studies on the “natural” development over time, i.e., without implementation of any specific teaching methodology. As Tiruneh et al. (2017) suggest that “meaningful instruction in every subject domain inherently comprises the development of CT skills, and therefore, proficiency in CT skills can be achieved as students construct knowledge of a subject-matter domain without any explicit emphasis on the teaching of general CT skills during instruction” (p. 1067), such studies might contribute to the knowledge of the “natural” development of statistics-related critical thinking.



The Current Study

Drawing on the previous research, the present study intends to contribute to the field by studying specifically the development of statistics-related critical thinking in first-year psychology undergraduate students in a Danish university, where no particular emphasis on teaching critical thinking skills is reflected in the curriculum, but rather implicit references are given and critical thinking is mentioned in the assessment criteria (c.f. Moore, 2011). The primary aim of the study is to investigate whether statistics-related critical thinking changes from the start of the first semester to the start of the second semester of a two-semester-long statistics course, where the curriculum contains learning objectives implying critical thinking and assessment criteria explicitly requiring critical thinking.

At the overall level, we expected all students to have an increase in critical thinking, based on the general goal and performance orientation of these students2 in combination with the implicit mention in the learning objectives and particularly the explicit mention of critical thinking in the assessment criteria for the first semester of the course. However, such an overall change might mask differentiated subgroup changes, and subgroup changes in opposite directions might also result in no change at the overall level. With regard to subgroups, we expected that the overall change in critical thinking would differ for subgroups of students dependent on their baseline perception of the adequacy of their own mathematical knowledge for learning statistics as well as their expectation to need statistics in their future employment, as would the students’ baseline level of critical thinking. Specifically, we expected:

Students who perceived their mathematical knowledge to be inadequate for learning statistics were less inclined toward critical thinking at baseline compared to students who perceived they had an adequate level of mathematical knowledge, due to their lack of insight into the field. We had no set expectation with regard to the direction of difference in the change in critical thinking dependent on the perception of the adequacy of mathematical knowledge, as this could go both ways. For some students, a perceived lack in the prerequisite knowledge required would be a motivating factor making them engage more and thus possibly increase more in critical thinking compared to the other student group. But the opposite is also likely for some students, i.e., perceiving a lack of prerequisite knowledge might be further dis-engaging leading to a smaller increase in critical thinking or even a decrease for this subgroup. In addition, students perceiving adequacy in prerequisite knowledge could be expected to engage more due to their insight and thus increase more in critical thinking than students perceiving their pre-requisite knowledge as inadequate.

Students who did not believe they would need statistics in their future employment were less inclined toward critical thinking at baseline and compared to students believing they would be needing statistics, as they would not be as likely to engage in the cognitively demanding critical because it would be perceived as unnecessary. We would not expect that students’ beliefs about their future employment to change much over the cause of the first semester of study, and thus we expected that the largest increase in critical thinking would be seen for the students believing to need statistics in the future, as they would engage more in the subject.

The secondary aim is to investigate further the psychometric properties of the brief version of the Motivated Strategies of Learning Questionnaire critical thinking scale (MSLQ; Pintrich et al., 1991) resulting from a recent validation study, which critically considered the content and construct validity of this scale as well as its cross-cultural validity (Nielsen et al., 2021). As this brief critical thinking scale (CTh) was shown to fit the Rasch model both with a Danish and a Spanish sample of psychology students and have reliability for the Danish sample at the level of those obtained with the original scale, we found the CTh scale to be a good candidate for the current study.




MATERIALS AND METHODS


Instrument

The Critical Thinking scale (CTh) employed in the present study is a brief version of the critical thinking scale from the Motivated Strategies of Learning Questionnaire (MSLQ; Pintrich et al., 1991) resulting from a recent validation study, which critically considered the content and construct validity of this scale as well as its cross-cultural validity (Nielsen et al., 2021). The MSLQ is a multi-scale questionnaire intended to measure aspects of students’ motivational orientation and learning strategies in high school and higher education (Pintrich et al., 1991). One of the scales included in the MSLQ is a five-item course-specific critical thinking scale with a seven-point response scale anchored for meaning only at the extremes. Of all the short scales in the MSLQ, the critical thinking scale was originally reported as having one of the highest reliabilities (Cronbach’s alpha 0.8) with the development sample of 380 Midwestern college students (Pintrich et al., 1991). More recently, Holland et al. (2018) in their meta-analysis found the reliability of the critical thinking scale to be similar across 344 samples (N = 27,619) stemming from 32 countries and 14 languages (mean Cronbach’s alpha 0.78).

In their study of the cross-cultural validity of the critical thinking scale from the MSLQ, Nielsen et al. (2021) analyzed thoroughly the content validity of the scale and found that only three items actually measured critical thinking. Content validity was considered both with a theoretically based approach, i.e., analysis of the item content in relation to three different and prevalent definitions of critical thinking (Facione, 1990; Pintrich et al., 1991; Halpern, 2003), and a statistical and psychometric approach, i.e., analysis of local independence and dimensionality (Kreiner and Christensen, 2004). Both approaches reached the conclusion that two items (the same) should be eliminated in order to improve content validity by eliminating construct contamination.

In addition to eliminating two items, Nielsen et al. (2021) also employed an adapted five-point response scale with meaning anchors for all categories with the brief CTh scale in order to pre-assign the meaning that respondents should infer from the categories and thus prevent a random assignment of meaning to a row of numbers, which would affect the validity in interpretation and reliability (Krosnick and Fabrigar, 1997, Maitland, 2009, Menold et al., 2014). This approach was further supported empirically in previous validity studies of other scales from the MSLQ, e.g., Nielsen (2018) with the motivation scales; Nielsen (2020), Nielsen et al. (2017, 2022) with the self-efficacy scale, where a similar adaption of the response scale had no noteworthy effect on the reliability of the scales compared to the original version.

The three-item CTh scale with the adapted response scale (see below) resulting from the study by Nielsen et al. (2021) had reliability at the level of the original five-item scale with seven response categories for a Danish sample of psychology students (0.82), while slightly lower for a Spanish sample of psychology students (0.73).

The items of the brief CTh scale employed in the present study address the purposeful and inquiring aspect of CTh common to three different definitions of critical thinking (Facione, 1990; Pintrich et al., 1991; Halpern, 2003): how often the student questions things and decide about them (item: I often find myself questioning things I hear or read in this statistics course to decide if I find them convincing); how the student decides about a theory, interpretation or conclusion (item: when a theory, interpretation or conclusion is presented in the statistics course or in the readings, I try to decide if there is good supporting evidence); how the student looks for alternatives (item: whenever I read or hear an assertion or conclusion in this statistics course, I think about possible alternatives) (see also Supplementary Table A1 in Supplementary Appendix 1). Thus, the CTh scale does not cover all aspects of critical thinking, but it covers the core aspects, and more importantly, it is not “contaminated” by items not measuring critical thinking (Nielsen et al., 2021). As with the MSLQ, students rate how they feel that the item statements in the brief CTh scale describe them in relation to a specified course (in this case statistics) in terms of frequency of the thinking described in the items: 1 = never, 2 = rarely, 3 = sometimes, 4 = often, and 5 = always. The Danish item texts can be seen in Supplementary Appendix 1 with the English equivalents (Supplementary Table A1). In this article, CTh items are referenced with their original order from the MSLQ to facilitate comparison to other studies with item-level data.

At baseline, students also provided information on gender and age, whether students perceived their mathematical knowledge to be adequate for learning statistics, and whether they believed they would need statistics in their future employment.



Participants and Data Collection

Participants were two consecutive year-cohorts of first-semester students enrolled in a full-time Bachelor of Psychology program in a major Danish university. The students were all taking a two-semester-long statistics course placed in the first two semesters of the bachelor’s program. The course consists of weekly lectures and weakly exercise classes. The learning objectives for the first semester of the course contain implicit references to critical thinking (see Supplementary Appendix 2). The course has a separate exam in each of the two semesters, and the first-semester exam is an on-campus written exam assessed as pass/fail using a set of specified criteria. As part of these criteria are both implicit and explicit references to critical thinking (see Supplementary Appendix 2).

The students completed the CTh scale as part of a larger survey 1 month into their first semester of the course and again 1 month into their second semester of the statistics course. Data were collected in class with a paper-pencil survey. The data collections were arranged with the responsible lecturer before the start of the course. Students were informed ahead of the lecture that the data collection would take place and that it was voluntary to complete the survey. At the point of the data collection, students were informed of the purpose of the overall study, that participation was voluntary, that their data would be treated according to the prevailing data protection regulations, and that they could ask to have their data deleted up to a specified point in time where they would be anonymized. In addition, students were provided with a written information sheet providing the same information as well as contact information for the responsible researcher.

The study sample consisted of 336 students at baseline (ncohort 1 = 166, ncohort 2 = 170), while the follow-up was completed by 270 students with 165 students who could be matched to their baseline response. The matching rate was determined by circumstances related to student enrollment (drop-out and new enrollment), the matching design (asking students for their student ID in handwriting if they wanted to participate again), and chance (students present in the lecture where data were collected). Thus, as various factors contributed to the missingness of data at follow-up, it could not with any certainty be determined whether data were missing at random or not, though the number of contributing factors makes it more likely that they were missing at random. Likewise, the missingness could not be considered in terms of selection bias, due to the external contributing factors. The mean age of the students at baseline was 22.7 years (SD 4.99) and 81% of the 336 students in the baseline sample identified as female, which is a close match to the official gender distribution of the student admitted to the two particular year-cohorts was 81.3% female students (Ministry of Higher Education and Science, 2021). The gender distribution did not change at follow-up, i.e., 82% of the 165 students in the follow-up sample identified as female.



Statistical Analyses

First, we conducted item analysis using the Rasch measurement model (RM; Rasch, 1960) to establish the psychometric properties of the CTh scale both at baseline and at follow-up. The Rasch model was chosen, as Nielsen et al. (2021) have shown the CTh scale to fit the Rasch model in both a Danish and a Spanish sample. Second, we assessed the changes in CTh scores from the start of the first to the start of the second semester as standardized effect sizes.


Item Analyses by Rasch Models

To investigate the measurement properties of the CTh scale (the secondary issue of the study), item analysis by the Rasch model was conducted first on the baseline sample and subsequently in the follow-up sample to confirm the results. The RM provides optimal measurement properties of scales fitting it (Kreiner, 2007, 2013). These properties include:


1.Unidimensionality – the scale measures a single latent construct (Critical Thinking).

2.Local independence of items (no LD) – responses to a CTh item depends only on the level of Critical Thinking and not on responses to any of the other items on the scale.

3.Optimal reliability, as items are locally independent.

4.Absence of differential item functioning (no DIF) – responses to a CTh item depends only on the level of critical thinking and not on persons’ membership of subgroups such as gender, age, etc.

5.Homogeneity – the rank order of the item parameters/item difficulty is the same for all persons.

6.Score sufficiency – the sum score is a sufficient statistic for the person’s parameter estimates of Critical Thinking.



Homogeneity and sufficiency are properties only provided by the Rasch model, not any other IRT model. The property of sufficiency is particularly desirable when using the summed raw score of a scale, as it is the usual case with the CTh scale. However, fit to the Rasch model facilitates the use of the person parameter estimates resulting from the measurement model (sometimes termed Rasch-scores), and thus either these or the raw scores can be used in subsequent analysis, as preferred by the individual researcher for their specific purpose.

The overall tests of global homogeneity by comparison of item parameters in low and high scoring groups and overall tests of invariance were conducted as overall tests of fit using Andersen (1973) conditional likelihood ratio test (CLR). The fit of individual items to the Rasch model was tested by comparing the observed item-rest-score correlations with the expected item-rest-score correlations under the RM (Kreiner, 2011). Local independence of items and the assumption of no DIF were tested using Kelderman (1984) conditional likelihood ratio test. DIF was tested in relation to five background variables year cohort (1, 2), gender (female and male), median-split age groups (21 years and younger, 22 years and older), as well as baseline perception of the adequacy of mathematical knowledge to learn statistics (not adequate, adequate), and baseline expectancy to need statistics in future employment (yes, maybe, and no).

Reliability was calculated as Cronbach’s alpha (Cronbach, 1951). Targeting (whether items provide information in the area of the scale where the sample population is located) was assessed graphically by item maps as well as numerically by two target indices (Kreiner and Christensen, 2013): the test information target index (the mean test information divided by the maximum test information for theta, and the root mean squared error (RMSE) target index (the minimum standard error of measurement divided by the mean standard error of measurement for theta). Both indices should preferably have a value close to one, as this would indicate the degree to which maximum information and minimum measurement error were obtained, respectively. The target of the observed score and the standard error of measurement (SEM) was also calculated. Items maps are plots of the distribution of the item threshold locations against weighted maximum likelihood estimations of the person parameter locations as well as the person parameters for the population (assuming a normal distribution) and the information function.

Critical values were adjusted for false discovery rate (FDR) arising from conducting multiple statistical tests (i.e., controlling type I errors), whenever appropriate (Benjamini and Hochberg, 1995). As recommended by Cox et al. (1977), we distinguished between weak (p < 0.05), moderate (p < 0.01), and strong (p < 0.001) evidence against the model, rather than applying a deterministic 5% critical limit for p-Values.



Analysis of Differences at Baseline and Analysis of Change

To investigate the primary issue of the study, namely changes in critical thinking, the person parameter estimates resulting from the Rasch models, which have equal distance between any two values, were rescaled to the score range of the instrument and used for baseline differences and in the analysis of change. Differences in mean scores for subgroups of students at baseline were tested within the framework of multiple analyses of variance framework to be able to include grouping variables with more than two categories and test for interaction effects. The change was tested using a paired samples t-test approach and change scores at the group level were calculated as the standardized effect size (ES) (i.e., the difference between baseline and follow-up scores relative to the standard deviation of the baseline scores) (Lakens, 2013; Beauchamp et al., 2015). Subgroups of students were defined by our primary independent variables of interest, i.e., perception of the adequacy of their own mathematical knowledge for learning statistics as well as the students’ expectations to need statistics in their future employment. As secondary subgroupings, we included gender and age groups, in order to show whether there were any effects of these on baseline levels of critical thinking or on changes that might be imposed on the primary issues.



Software

The item analyses by Rasch models were conducted using DIGRAM (Kreiner, 2003; Kreiner and Nielsen, 2013), while R was used to produce the item maps. Analyses of variance and t-tests were conducted using SPSS. Effect sizes were calculated using Excel.





RESULTS


Psychometric Properties at Baseline and Follow-Up

Results of the item analyses (the secondary research issue) showed that the baseline data fitted the Rasch model, and this was also the case with the follow-up data. Thus, there was no evidence against global homogeneity or invariance (Table 1), nor was there any evidence against the fit of the individual items to the Rasch model (Table 2). In addition, we found no evidence against local independence of items (Supplementary Table A2 in Supplementary Appendix 1) and no evidence of differential item functioning relative to year cohort, students’ baseline perception of the adequacy of mathematical knowledge to learn statistics, students’ baseline expectancy to need statistics in future employment, gender, or age (Supplementary Table A3 in Supplementary Appendix 1). Information on Item thresholds, locations, difficulties, targets, and information is also provided in Supplementary Appendix 1 (Supplementary Table A4).


TABLE 1. Global tests of homogeneity and invariance for the Critical Thinking Scale at baseline and follow-up.

[image: Table 1]
 
TABLE 2. Item fit statistics for the Critical Thinking Scale at baseline and follow-up.
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The targeting of the CTh scale to the student sample was excellent at both baseline and follow-up; slightly better at follow-up with a target information index of 86% at follow-up versus 83% at baseline (Supplementary Table A5 in Supplementary Appendix 1). The level of information is highest where most students are located on the CTh scale at both time points (Supplementary Figure A1 in Supplementary Appendix 1). The reliability of the CTh scale was satisfactory for the purpose of statistical analyses at both baseline and follow-up; 0.72 and 0.75 respectively (Supplementary Table A5 in Supplementary Appendix 1).

The conversion from the summed raw scores of the CTh scale to the estimated person parameters resulting from the Rasch model, as well as these person parameters, estimate rescaled to the original range of the CTh scale are provided in Supplementary Appendix 1 (Supplementary Table A6). This allows users of the scales to choose between using the sum scores, which uses the unit of the scale, or to convert these to any of the person parameters estimates, which are continuous and equidistant scores, as preferred for whatever purpose of use.



Differences in Statistics-Related Critical Thinking at Baseline and Changes in Critical Thinking

The primary research question of the study concerned changes in statistics-related critical thinking from the start of the first semester (baseline) to the start of the second semester (follow-up). As we expected the overall change in critical thinking to differ for subgroups of students dependent on their baseline perception of the adequacy of their own mathematical knowledge for learning statistics as well as their expectation to need statistics in their future employment, we first tested baseline differences. To test whether the expected baseline subgroup difference in critical thinking could be confirmed, we conducted a multivariate analysis of variance using a backward models search strategy, which included the primary independent variables (i.e., perception of mathematical knowledge as adequate or not and expectation to need statistics in future employment) as well as gender and age and all possible two-way interactions between the independent variables. The results showed that only the two primary independent variables defined significant differences for subgroups of students, and there was no interaction effect. Thus, we present simple tests for differences in critical thinking mean scores for subgroups defined by all four of the background variables in Table 3. As expected, students who perceived their mathematical knowledge to be inadequate for learning statistics scored lower on statistics-related critical thinking scores at baseline compared to the students who perceived they had an adequate level of mathematical knowledge (p < 0.001). Also as expected, students who did not believe they would need statistics in their future employment scored the lowest on statistics-related critical thinking compared to students who thought they might need or would definitely need statistics in future employment (p < 0.001).


TABLE 3. Mean statistics-related critical thinking scores at baseline.
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We then proceeded to analyze the changes in critical thinking. Absolute individual changes on the CTh scale ranged from −5.3 to 5.1 points on the rescaled logit scale (Supplementary Table A6 in Supplementary Appendix 1), thus showing large individual changes in critical thinking from the first to the second semester (Figure 1). The overall standardized effect was small and negative (−0.12), and while there were some variations for student strata defined gender, age, perceived adequacy of math knowledge to learn statistics, and expectation to need statistics in future employment, effect sizes remained small for all subgroups (Table 4). Thus, while there were large absolute changes in the equidistant scores resulting from the Rasch models at the individual level, effect size estimates show that there were only very small and predominantly negative effects. Our expectation that students overall would increase in critical thinking was rejected. The same was the case with our expectation that students, who at baseline did not expect to need statistics in their future employment would increase less in critical thinking than students expecting to need statistics. Only two subgroups of students showed an increase, though small, in critical thinking. These were the male students and students who at baseline perceived their mathematical knowledge as inadequate for learning statistics.
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FIGURE 1. Distribution of differences in Critical Thinking scores (rescaled person parameter estimates) from baseline to follow-up. Differences are shown as follow-up minus baseline so that positive values show an increase and negative values show a decline in critical thinking over time. Distances between any two scores are equal.



TABLE 4. Overall and stratified mean differences in critical thinking and effect sizes over time.
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DISCUSSION

The main aim of the study was to explore changes in statistics-related critical thinking from the start of the first semester to the start of the second semester of a two-semester-long statistics course, where the curriculum contains learning objectives implying critical thinking and assessment criteria explicitly requiring critical thinking. The results showed that the student group as a whole has a low mean score of statistics-related critical thinking at baseline (i.e., a mean score of 8.05 within the possible range of 3 to 15) and that there were no significant differences related to gender or age at baseline. In a previous cross-cultural study employing the same instrument, statistics-related critical thinking scores were reported at the same level for both Danish and Spanish psychology students, while the mean personality psychology-related critical thinking scores were markedly higher for Danish psychology students, but not the Spanish students (Nielsen et al., 2021). This might very tentatively suggest that domain-specific critical thinking at the start of a semester course varies not only with specific domains with the same academic discipline but also with culture. Two other studies report statistics-related critical thinking at higher levels at the start of a semester course in statistics using different instruments. Bensley et al. (2010) report medium-level scores on one of their subscales for critical thinking, i.e., the argument analysis scale, at the start of a semester prior to introducing different instructional methods to enhance critical thinking in a research methods course for psychology students. Cheng et al. (2018) report high baseline scores on four single items tapping into four dimensions of critical thinking at the start of introductory statistics classes for students from various academic disciplines. The current results open interesting new avenues of research into domain-specific critical thinking in higher education and its development, both within and between academic disciplines, and across cultures.

Furthermore, we found strong evidence that the baseline statistics-related critical thinking scores differed dependent on students’ perception of the adequacy of their mathematical knowledge for learning statistics as well as whether they expected to need statistics in their future work life. Thus, students who perceived their mathematical knowledge to be inadequate for learning statistics had a lower level of critical thinking than students perceiving their mathematical knowledge as adequate. The Danish psychology program requires level B mathematics3 for being admitted to the program but does not require a particular grade for admittance, and thus students can enter with a “just pass”-grade of 02 (see Supplementary Appendix 2 for the Danish grading scale). As the psychology program is very hard to get into and there is a fixed number of places available, however, only students with a very high-grade point average get in. We assumed that the lack of insight into the field of statistics presents just 1 month into the statistics course and their first semester in the Bachelor of Psychology program might be reflected in their perception of their mathematical basis as adequate or inadequate for learning statistics, and thus also for their inclination toward statistics-related critical thinking at this early point. However, in hindsight, more information on this issue should have been gathered. With regard to baseline differences dependent on the students’ expectations to need statistics in their future work life, results were also in line with our assumption, i.e., that confidence in needing statistics in the future would be associated with an enhanced inclination toward statistics-related critical thinking compared to students who were confident they would not need statistics in the future. The results not only confirmed our assumptions but also showed that it was the group of students that were certain to not need statistics in their future work life, who had significantly lowered inclination toward critical thinking compared to both students thinking they might need statistics and students who were sure they would need statistics in the future. The results even showed that there was an ordered relationship in the mean scores for the three groups so that students who expected to need statistics in their future employment had the highest CTh scores, and students who did not expect to need statistics in their future employment had the lowest CTh scores and students who thought they might need statistics scored in between. This finding leads us to suggest that future research might explore how the interaction between expectancy-to-need statistics and initial inclination toward statistics-related critical thinking might be related to the outcome of statistics courses, but also to the actual need for statistics in the first employment of the graduates.

Turning to the main results of the study, namely the lack of an overall increase in statistics-related critical thinking in the first semester, this was the opposite of what we expected. Previous research on the development of statistics-related critical thinking has mainly focused on comparing teaching methods designed to enhance critical thinking with “usual” teaching methods not designed for this purpose, or by simply evaluating the enhancing effect of purposely designed teaching methods. While methods for measuring statistics-related critical thinking differ across studies as does the teaching methods evaluated results are also ambiguous, as some find no effect of the purposely designed teaching compared to the usual teaching without clarifying whether this means there was an effect or no effect for both groups (Goode et al., 2018; Setambah et al., 2019), and others a positive effect for only the students receiving the purposely designed teaching and no change for the students receiving the usual teaching (e.g., Bensley et al., 2010). On the same note, one study evaluating just the effect of a purposely designed teaching method in itself found this to enhance the statistics-related critical thinking of the students (Cheng et al., 2018). The lack of increase in the statistics-related critical thinking in the current study is thus only supported by Bensley et al. (2010), who did not find any change for their control group of psychology students. The current study is not enough to refute that meaningful instruction within a subject domain inherently will entail the development of critical thinking skills even if these are not purposely targeted with teaching activities, as suggested by Tiruneh et al. (2017). However, the current study does show that even the students have a low level of critical thinking at baseline and thus ample room for improvement, one semester’s worth of university-level teaching in statistics with lectures as well as small exercise classes, where assessment criteria explicitly mention critical thinking (Supplementary Appendix 2), does not enhance the critical thinking of the students as a whole. Thus, Tiruneh et al.’s (2017) notion cannot be supported by our research, as we do not find an overall positive effect on statistics-related critical thinking over the semester. Our study, however, points to the need for developing further research to explore the factors involved in the development of statistics-related critical thinking skills.

The subgroup results in the current study also showed small effects for all subgroups, and thus did not divulge any clear patterns with regard to student factors related to the development of statistics-related critical thinking. The findings, which might suggest areas of interest for future research are the differences in the direction of the development in statistics-related critical thinking found across gender and across perceptions of the adequacy of mathematical knowledge for learning statistics, even if these differences in direction might be random results due to small group sizes. Thus, future research should include additional student characteristics to explore this further, e.g., characteristics such as dispositional characteristics such as personality, e.g., conscientiousness which has consistently been found to be positively associated with academic success in higher education (Richardson et al., 2012; Vedel, 2014), an association, which in relation to learning statistics might very well be mediated by statistics-related critical thinking. Motivation and academic self-efficacy, as both have been linked to student performance (Richardson et al., 2012) and student anxiety (Tahmassian and Jalali Moghadam, 2011; Nguyen and Deci, 2016) and statistics-related anxiety is well-documented among students from other disciplines taking statistics courses and the detrimental effect of anxiety on learning is well-known. We thus propose that motivational factors as well as the belief in one’s own ability to learn statistics might moderate the development of statistics-related critical thinking and that this is certainly worth investigating in the future.

Dispositional measures and other student characteristics might also be successfully employed in future studies of increases and decreases at the individual level, and preferably with more points of measurement (three to six), as they might then contribute to explaining individual student trajectories with regard to statistics-related critical thinking and whether these are one-directional across multiple points of measurement. Such student characteristics might also be useful with larger samples to explore whether certain student profiles are associated with an increase and certain profiles with a decrease in statistics-related critical thinking. In addition, future studies might link to the current research and expand these by including students from other academic disciplines than psychology.

The study has four major strengths. The first strength is that the results concerning change stand on a very strong psychometric foundation as the CTh scale fitted the Rasch model both at baseline and at follow-up and as the scale was very well targeted to the study population of first-year Danish Psychology Bachelor students taking their statistics course. As such, we know that the CTh scale possesses the psychometric properties, we aimed for and that the results of the change analyses and both the differences at baseline and the effect sizes are not biased due to a general lack of invariance or differential item function. The second strength lies in the use of standardized effect sizes to assess changes in statistics-related critical thinking, as this makes it possible for future studies using the same instrument under different conditions to compare the results. The third strength of the study is its contribution to the body of knowledge on the so-called “natural” development of domain-specific critical thinking, by showing that there was no overall increase in critical thinking. The contribution is important, as it showed that even though critical thinking was explicitly mentioned in the assessment criteria and implicitly in the learning objectives for the course as well as the overall competencies to be achieved through the program, no overall increase was found nor were there subgroup-specific increases of any significance. However, equally important is the finding that there were rather large absolute changes in critical thinking at the individual level, both in the form of increases and decreases, as are the findings of baseline differences dependent on students’ perception of the adequacy of their mathematical knowledge for learning statistics and their expectancy to need statistics in their future work life.

Likewise, the study has three limitations. The first is the sample size and the subgroup distributions in the longitudinal sample, as this did not allow us to explore any possible interaction effects by stratifying on more than one grouping variable at a time. Thus, it was not possible to explore with any certainty how the differences in statistics-related critical thinking at baseline might affect the development. The second limitation might be considered to be the CTh scale itself, as it only comprises three items covering the purposeful and inquiring aspect of CTh common to three major definitions of critical thinking. However, as thoroughly demonstrated with the content and construct validity analyses conducted by Nielsen et al. (2021), there is no loss in content validity by eliminating two items from the original scale from the MLSQ, as these did in fact not measure critical thinking – not content-wise nor when considering the dimensionality issue. As the brief version, we employed in this study, furthermore fitted the strictest measurement model (i.e., the Rasch model) and was well targeted to the student population in this study and the cross-cultural sample in the study by Nielsen et al. (2021), we do not find the brief version to be inferior to the five-item version from the MSLQ, rather the contrary. However, we do recognize that other and longer instruments might be preferred by other researchers and that such instruments, if appropriately validated, can offer more precise measurement. The third limitation is that we did not collect any qualitative and detailed information from the professor or the students, which might have contributed to a better understanding of the lack of overall increase in statistics-related critical thinking as well as the results at the individual level.
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FOOTNOTES

1Subjective in the sense that the rubrics have so few categories and the descriptions of categories are so general that even an identical scorings can ensure that the behavior or products rated by the teachers as indicating critical thinking is the same (c.f. Ralston and Bays, 2015).

2In Denmark, psychology is one of the top-10 most difficult higher education degree program to be admitted to, as there are a limited number of vacancies to compete for, and thus it requires almost perfect grades to be admitted.

3Levels are A, B and C, with A being the highest.
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Group (n) Mean difference (p) Effect size (95% CI)

All students (165) 0.23 (0.050) -0.12 (—0.33t0 0.10)
Gender

Male (25) 0.23(0.313) 0.09 (—0.46 to 0.65)
Female (136) —0.29 (0.018) —0.16 (—0.40 to 0.07)
Age groups

21 years and younger (104) —0.26 (0.069) —-0.14 (—0.41 t0 0.14)
22 years and older (60) —0.16 (0.233) —0.08 (—0.44 t0 0.27)
Math knowledge to learn statistics

Not adequate (29) 0.09 (0.405) 0.05 (—0.46 to 0.57)
Adequate (136) —0.29 (0.021) -0.15 (—0.39 to 0.09)
Expect to need statistics in future work life

Yes (45) —0.46 (0.089) —0.24 (—0.66 t0 0.17)
Maybe (101) —0.09 (0.283) —0.05 (—0.32 t0 0.23)
No (19) —0.40 (0.145) —0.22 (—0.85 t0 0.42)

Mean differences are shown as follow-up minus baseline so that positive values show an increase and negative values show a decline in critical thinking over time. P-values
are one-sided). Cl, Confidence Interval. Effect sizes are calculated using the rescaled person parameter estimates, as the distance between any two scores is equal.





OPS/images/feduc-07-884635-t003.jpg
Group (n) Mean SD P

All students (336) 8.05 1.90

Gender

Male (51) 8.36 1.73

Female (272) 7.97 1.92 0.172
Age groups

21 years and younger (199) 8.13 1.82

22 years and older (131) 7.99 2.00 0.500
Math knowledge to learn statistics

Not adequate (53) 7.01 1.89

Adequate (281) 8.25 1.85 <0.001
Expect to need statistics in future work life

Yes (86) 8.49 1.69

Maybe (196) 8.07 1.81

No (52) 713 2.06 <0.0012

p-Values for “math knowledge to leam statistics” and “expect to need statistics in
future work life” are one-sided, due to expectations on the direction of differences.
aPost hoc pairwise tests showed that it was the group not expecting to
need statistics in their future employment that differed significantly from the
remaining two groups.
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Baseline Follow-up

Items Observed y Expected y P Observed y Expected y P

CThi 0.47 0.51 0.438 0.61 0.58 0.665
CTh2 0.62 0.52 0.035% 0.64 0.58 0.336
CTh5 0.47 0.52 0.389 0.51 0.58 0.246

y = ltem-rest score correlations in the form of Goodman and Kruskal’s rank correlation for ordinal items.
+The Benjamini-Hochberg adjusted critical level for false discovery rate at the 5% level was p = 0.0111 and at the 1% level p = 0.0011.
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Tests of fit Baseline Follow-up
CLR df p CLR df P

Global homogeneity? 9.0 1 0.622 6.4 11 0.844
Invariance

Year cohort 16.4 11 0.128 9.8 11 0.553
Math adequacy 10.9 11 0.449 7.4 11 0.768
Stat in Future work 40.8 22 0.009* 30.2 22 0.113
Gender 14.2 11 0.220 7.3 11 0.775
Age groups 17.4 11 0.097 6.7 11 0.824

CTh, Critical Thinking Scale; CLR, Conditional Likelihood Ratio test.

aThe test of homogeneity is a test of the hypothesis that item parameters are the same for persons with low or high scores.
*The Benjamini-Hochberg adjusted critical level for false discovery rate at the 5% level was p = 0.0083 and at the 1% level p = 0.0017.
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