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ABSTRACT
Spatial thinking skills are important for geoscientists, and field courses play an important role in using and developing those skills. This study examines the development of spatial perception and geoscience-specific penetrative thinking skills, as measured by paired pre- and post-tests using the water-level test and the Geologic Block Cross-sectioning Test, in a sophomore field mapping course. Students began the course with strong spatial perception skills, but developed their penetrative thinking skills significantly (p<0.0001) between the beginning and end of the course. Furthermore, the gender gap in penetrative thinking skills that existed at the beginning of the course became statistically insignificant by the end of the course. This work can be used as a baseline for comparison with results of non-field-based exercises that are designed to develop geologic penetrative thinking skills in other ways.
INTRODUCTION
Geoscientists consider spatial thinking to be an important part of their work (Hegarty et al., 2010; Mogk & Goodwin, 2012; Shipley et al., 2013; Kranz et al., 2016), and learning to solve 3D problems is an important component of a geoscience education (Mosher et al., 2014). Field courses, in particular, are thought to play a key role in developing 3D visualization skills (Mogk & Goodwin, 2012; Mosher et al., 2014). However, although spatial thinking skills have been shown to be trainable and malleable (e.g. Terlecki et al., 2008; Uttal & Cohen, 2012; Uttal et al., 2013; Cohen & Hegarty, 2014; Ormand et al., 2014a; Atit et al., 2015; Gagnier et al., 2016; Gagnier & Shipley, 2016), it is not clear whether students develop spatial thinking skills by taking geology courses (Titus & Horsman, 2009; Ormand et al., 2014a; Gold et al., 2018), or whether those skills serve as a gate-keeper early in STEM education in general (Uttal & Cohen, 2012). This study, originally designed to collect baseline data about the development of spatial thinking skills during geology courses, demonstrates that penetrative thinking skills significantly improved during a sophomore field mapping course. These results support arguments for the importance of bedrock mapping in developing the some of the spatial thinking skills of geoscientists, and can be used for comparison of virtual training environments with the benefits of field studies.
“Spatial thinking” refers to a complicated mix of skills that have been categorized in a number of different ways (e.g. Linn & Peterson, 1985; Voyer et al., 1995; Kastens & Ishikawa, 2006; Uttal et al., 2013; Newcombe & Shipley, 2015). One theoretical classification divides spatial thinking into four categories, based on whether objects are stationary (static) versus moving (dynamic), and whether they include relationships within single objects (intrinsic) versus relationships between objects or between an object and its surroundings (extrinsic) (Chatterjee, 2008; Shipley et al., 2013; Uttal et al., 2013). One of the most commonly studied spatial thinking skills, mental rotation (recognizing which of several 3D blocks is a rotated view of a reference block) is a type of intrinsic dynamic skill. Disembedding (seeing relevant objects within a complex scene) is an example of an intrinsic static skill. These skills do not necessarily correlate with one another (Hegarty et al., 2010; Ormand et al., 2014a).
Learning geologic field techniques could be expected to train a variety of spatial thinking skills (Liben & Titus, 2012). For example, measuring the strike and dip of a planar rock surface involves thinking about the relationship between the surface and a horizontal reference frame (extrinsic-static). Drawing and evaluating a cross-section involves imagining cutting through a block of rock (intrinsic-dynamic). Drawing stratigraphic contacts on a topographic base map from observations within a stream valley involves perspective-taking (extrinsic-dynamic). Do these spatial thinking skills develop with practice doing geology? Or are spatial skills necessary prerequisites to succeeding in geology courses?
This study focuses on two skills that seem especially relevant for geologists. The concept of horizontal, as measured by the water-level test (Fig. 1) (Piaget & Inhelder, 1967; Liben, 1990; Liben, 1991), is a type of extrinsic-static skill (also categorized as “spatial perception” (Linn & Peterson, 1985; Voyer et al., 1995)). Understanding the concept of horizontal is important for geology students measuring the strike and dip of bedding or other planar surfaces (Liben et al., 2011; Liben & Titus, 2012). It is also used while measuring the trend and plunge of a line, understanding gradient on a topographic map, and projecting dip angles underground while drawing a cross-section.
Penetrative thinking (or visual penetrative ability) is a type of intrinsic dynamic skill that involves imagining the interior shapes within objects based on external clues (Kali & Orion, 1996; Alles & Riggs, 2011). It is especially important for drawing structural cross-sections and for visualizing the internal 3D geometries of structures, but it is also involved in visualizing stratigraphic relations, groundwater flow, or underground engineered structures such as mine workings. This study uses the Geologic Block Cross-sectioning Test (Fig. 2) (Ormand et al., 2014a) as the instrument for evaluating penetrative thinking. The Geologic Block Cross-sectioning Test (GBCT) was developed as a geoscience-specific test, with distractors based on the kinds of mistakes made by high school students who were asked to draw cross-sections of geologic structures (Kali & Orion, 1996). The incorrect answers include block surfaces parallel and perpendicular to the "cut," as well as some surprising types of mistakes, such as "wrapping paper" - visualizing the box as a covered surface to be unwrapped (Ormand et al., 2014b). The most common of the mistakes is the "parallelogram" option - an image based on the exact shapes contained within the parallelogram-shaped box that represents the place where the block diagram should be cut (Fig. 2) (Ormand et al., 2014b). The parallelogram response is especially interesting because it suggests that participants who choose it are not picturing the problem in three dimensions.
Many studies have examined the variation of spatial thinking skills within the population. Spatial thinking skills correlate partly with general intelligence (Linn & Peterson, 1985; Uttal & Cohen, 2012; Gold et al., 2018), although they do not necessarily correlate with grades in individual courses (Ormand et al., 2014a). There are also gender differences in spatial thinking skills. Differences between male and female participants have been observed in spatial perception (including the water-level test) (Linn & Peterson, 1985; Voyer et al., 1995; Liben et al., 2011), and in intrinsic-dynamic skills such as mental rotation (Vandenberg & Kuse, 1978; Linn & Peterson, 1985; Voyer et al., 1995; Parsons et al., 2004; Terlecki et al., 2008; Hegarty et al., 2009; Uttal et al., 2013; Gold et al., 2018) and penetrative thinking (Kali & Orien, 1996; Piburn et al., 2005; Hegarty et al., 2009, Giorgis, 2015).
Intentionally designed exercises can improve students' scores on penetrative thinking tests. Some of these exercises are fundamentally 3-dimensional, such as the use of analog models (Murphy et al., 2011). Others may or may not include 3D objects, but specifically include predictions and sketching (Gagnier et al., 2016). Many training exercises use 3D models on computers (Cohen & Hegarty, 2014; Piburn et al., 2005; Giorgis, 2015; Murphy et al., 2011). Paper-and-pencil exercises (Murphy et al., 2011) and skill puzzles (Titus & Horsman, 2009) have also been developed to help students learn to think spatially. The observed improvements in penetrative thinking associated with training are consistent with studies that show that spatial thinking skills are moderately malleable and can be developed by many different activities (Baenninger & Newcombe, 1989; Terlecki et al., 2008; Uttal et al., 2013). Some training exercises reduce gender differences in spatial thinking (Piburn et al., 2005; Giorgis, 2015); in other cases, both male and female participants improve their spatial thinking after training (Baenninger & Newcombe, 1989; Uttal et al., 2013).
Although professional geoscientists think they are good at spatial thinking (Hegarty et al., 2010), it is not clear whether those skills develop during undergraduate geology courses, or whether the geosciences attract people who already have strong spatial abilities (Uttal & Cohen, 2012). Introductory geology, mineralogy, stratigraphy and sedimentology, structural geology, tectonics, and hydrogeology courses can, in some cases, improve a variety of spatial thinking skills (including mental rotation, disembedding, and penetrative thinking) (Titus & Horsman, 2009; Ormand et al., 2014a; Giorgis, 2015). However, the effect sizes of these improvements are typically small to moderate (Ormand et al., 2014a), and advanced geology students do not show statistically significant differences in spatial thinking skills from geology majors in introductory courses (Gold et al., 2018). Furthermore, many students entering capstone field camps do not feel confident in their 3D visualization skills and are not satisfied with their ability to draw cross-sections from field data (Jones et al., 2016).
Field experiences are thought to play an important role in developing 3D thinking skills (Mogk & Goodwin, 2012; Mosher et al., 2014), and geoscientists consider undergraduate field education to be important (Petcovic et al., 2014). Studies of field courses have focused on the skills and knowledge necessary to succeed in the course (e.g. D'Errico & Kimbrough, 2016; Dykas & Valentino, 2016) rather than on the skills gained during the course. Performance in field courses is predicted more by motivation and self-efficacy than by previous academic performance (Dykas & Valentino, 2016). On the other hand, novice mappers rely on their spatial thinking skills in order to make good maps (Hambrick et al., 2011), whereas experienced geologists do not. The focus of this study is different from these previous studies: it examines whether field courses are important for initially developing (as opposed to using) spatial thinking skills.
STUDY POPULATION AND SETTING
This study was conducted over a 4-year period (2014-2017) at a 4-year public college in the western US. The college is located on the geologic transition from the Colorado Plateau to the Rocky Mountains, in a town of approximately 17,000 people.  Topographic relief in the local area is greater than 2000 meters, and the area is used for several traveling field courses taught by other institutions. The overall student population at the college is primarily undergraduate, with 24% first-generation college students, 34% Native American students, and 11% Hispanic students.
During the study period, there were approximately 90 to 120 undergraduate majors in geology (and no graduate students) each year. Out of those students, approximately one-third originated as transfer students, approximately 25% were underrepresented minorities (groups other than non-Hispanic whites), and approximately 33% were female. 
The geology major at this institution (Table 1) consists of one introductory geology course (with lab), followed by Historical Geology, Field Methods I, Mineralogy, Petrology, Stratigraphy and Sedimentology, Structural Geology, Geomorphology, GIS, two additional upper-level elective courses, a 4-week summer field camp, and a multi-semester undergraduate research experience. This study focuses on the development of spatial thinking skills in Field Methods I ("Methods"), which is a prerequisite to Structural Geology, Stratigraphy/Sedimentology, Geomorphology, and Field Camp. Although Methods is typically taken during fall semester of a student's second year, its only prerequisites are an introductory geology course (with a lab) and college algebra, to allow students who switch majors to take the course with minimal delay. Transfer students take the course during either the summer preceding their fall semester or during their first fall semester at the institution.
Methods was taught in two formats in this study. Most participants (82%) took the course in the 15-week fall semester, as a 2-credit-hour course that meets one day per week for four hours each day. The remaining participants (18%) took the course during a three-week summer course, which met three days a week for 6 to 7 hours each day. Each class was taught by a single instructor, but during this study, ten distinct classes, taught by five different instructors, were taught. Both the summer and fall versions of the course were taught locally, at field sites within an hour's drive from campus. The field sites used during each class varied based on weather and on the instructor. Because the local area is used by other institutions for their traveling field camps, some of the mapping areas used by this class are commonly used by capstone field courses taught by other institutions.
The Methods course is focused on techniques, rather than on content knowledge. These techniques include measuring planes (strike and dip) and lines (trend and plunge) with a Brunton compass; using a Brunton compass to sight bearings, recognize points at the same elevation, and estimate heights of objects; using a handheld GPS (to find points given by the instructor or for determining location in the field); using topographic maps in the field (for location, navigation, and as base maps); creating geologic maps in the field (at least two different mapping projects); and drawing geologic cross-sections based on field data. Students in each section created two or three geologic maps and at least one cross-section. Most classes also measured a stratigraphic section, wrote a geologic report, took field notes, and wrote simple rock descriptions. Most of the course is spent in the field, with introductory explanations of techniques in a classroom setting at the beginning of each field project. 
In this study, 63% of the participants were male, 79% were non-Hispanic white, and 81% were 19 to 23 years old.
METHODS
Research strategy
This study was originally designed to provide baseline data, to compare with results of future exercises developed to improve spatial thinking. None of the Methods classes incorporated direct practice with the GBCT or water-level test, and none of the classes used any exercises that have been developed to improve penetrative thinking (e.g. predictive sketching (Gagnier et al., 2016) or 3D animations (Piburn et al., 2005)). Therefore, based on the classification of training types by Baenninger & Newcombe (1989), this study can be considered a test of indirect training through a geology field course, rather than direct training. The study uses paired pre- and post-tests, which make it possible to statistically evaluate improvement by students, rather than only examining the change in mean scores. It does not use a control group to evaluate the improvements related only to re-taking the test.
Fifty-one of the participants took the pre-test an additional time, at the beginning of Structural Geology. Most of these students took Structural Geology the fall semester after completing Methods, giving a nine-month delay between taking the Methods post-test and the Structure pre-test. However, some of the students took Structural Geology immediately after completing Methods during August, and some of the students took Structural Geology a year later than normal (21 months after taking the post-test).
Data collection
The Geologic Block Cross-sectioning Test (GBCT; Ormand et al., 2014a) (Fig. 2) and the water-level test (Liben, 1991) (Fig. 1) were administered as pre- and post-tests to students who took Methods in Fall 2014, Fall 2015, Summer 2016, Fall 2016, Summer 2017, and Fall 2017 semesters. Pre-tests were administered on the first day of class; post-tests were administered within the last two weeks of the fall classes or on the last day of the summer classes. Out of 118 potential participants, 83 students completed all of the Methods pre- and post-tests (Table 2), and 51 students completed the Methods post-test and Structure pre-test. The remaining students either were not present in class at both times when the tests were administered or chose not to participate in the study.
During the pre-test administration, students filled out an informed consent form, then a demographic information form (age, gender, and ethnicity), and then completed the GBCT and water-level tests. Administration of the post-test was identical, except that students did not complete a demographic information form. The informed consent forms assured students that their names would only be used to connect pre- and post-test data, and would never be used to compare their course grades to the spatial thinking results. Each student was given a participant number at the time they took their first test, and those numbers were used to pair pre- and post-tests. The GBCT was given as a timed test, with students given eight minutes to complete the sixteen questions. The water-level test was not timed.
The GBCT (Ormand et al., 2014a) consists of different pre- and post-tests, each including 16 questions with four multiple-choice answers (Fig. 2). The incorrect answers were designed to match the kinds of errors that students make in open-ended cross-section drawing exercises (Kali & Orion, 1996), and are categorized based on the type of error. Each correct answer is worth one point, with no penalty for wrong answers. The number of correct answers and the number of incorrect answers in each category were calculated from .csv files using an R markdown script (available in supplemental files).
The water-level test was scored by measuring the angle between the student’s line and the correct line (parallel to the line at the base of each drawing, Fig. 1) using a protractor. The six angles were averaged to provide a single water-level score for each test.
Questions and Data Analysis
Standard statistical analyses (performed in R; markdown files available as supplementary data) were used to address the following questions:
1) Did students’ understanding of horizontality (as measured by the water-level test) change during the field course?
2) Did discipline-specific penetrative thinking (as measured by the GBCT) improve between the beginning and end of the field course?
3) Is the training effect durable?
4) Is there any relationship between water-level test scores and GBCT scores?
5) Did students reject the "parallelogram" misconception without switching to correct answers?
6) Are there gender differences between penetrative thinking skills, water level scores, or improvement in scores?
The following statistical analyses were used to address the questions. 
· Median, mean, standard deviation, and skewness of the data sets (water-level test angle, correct GBCT responses, parallelogram GBCT responses, proportion of parallelogram responses out of total incorrect answers).
· p-values for pairs of scores (pre- and post-tests for Methods; post-test for Methods and pre-test for Structure), using a paired, 2-tailed t-test.
· Effect sizes (using Cohen’s d, which is useful for comparing studies with different population sizes).
· p-values for differences in median GBCT scores based on gender, using the Mann-Whitney U test (used to compare smaller data sets that are skewed and different in size).
RESULTS
Water level test
Most water level scores for both the pre- and post-tests were less than 6.5°, which is categorized as "high water-level ability" by Liben et al. (2011), and were positively skewed (Fig. 3, Table 3). The scores were categorized as "pass" (average angle ≤ 6.5°) or "fail" (average angle > 6.5°) for comparison with other studies that use a similar approach. Out of the 83 participants, 71 (86%) had “pass” scores on their pre-test (Table 3).
Water level scores were slightly worse on the post-test (median increase of 0.2°, p = 0.131, Cohen's d = 0.140). The change in water-level scores was not significant, even at the 90% confidence level. None of the students' scores changed pass/fail categories between the pre-test and the post-test. 
On average, male students performed better on the water-level test than female students (male median pre-test = 2.9°, 89% pass; female median pre-test = 4.1°, 79% pass) (Table 3). However, the difference in median scores is not statistically significant (p = 0.1917).
GBCT scores
Median GBCT scores improved from a score of 6 (out of 16) on the pre-test to 9 on the post-test (p < 0.0001) (Fig. 4, Table 4). Students improved by a median of 2 points (Table 5), with a moderate effect size (Cohen’s d = 0.538), and most individual students improved during the course (Fig. 5, Table 5). The 51 students who took the GBCT a third time, at the beginning of Structure, did not change their GBCT scores significantly between Methods (median post-test 9) and Structure (median post-test 8) (Fig. 4b, Table 4).
Male students had higher GBCT scores than female students on both the Methods pre-test (male median 7; female median 5) and on the post-test (male median 10; female median 8) (Fig. 6, Table 4). Post-test scores for male students are more strongly skewed (-0.561) than female post-test scores (-0.239), although both groups showed long tails of low scores (Table 4, Fig. 6). Both male and female students improved significantly between the pre-test and the post-test (p < 0.0001) (Table 5), but the effect size was larger for female students (median improvement = 4; d = 0.832) than for male students (median improvement = 2; d = 0.538).
The number of parallelogram-type incorrect responses decreased between the pre-test (median 4) and the post-test (median 3) (Fig. 7, Table 6). Both pre- and post-test scores are negatively skewed with post-test scores more strongly skewed than pre-test scores. Between the pre- and post-test, parallelogram scores improved (decreased) by a median of 1 point (p = 0.0003), with an effect size of 0.331 (small) (Table 7).
In addition to selecting the parallelogram response, students could leave questions blank. Students left a range of 0 to 8 questions blank on both the pre-test and the post-test (pre-test mean 0.7, post-test mean 0.3).
Parallelogram responses made up 0 to 100% of the incorrect responses that students chose (Table 6, Fig. 8). On both the pre-test and the post-test, the median proportion of parallelogram responses was 50% (Table 6, Fig. 8). Female students chose parallelogram responses for 67% of their incorrect responses on the pre-test and 53% of their incorrect responses on the post-test. For male students, the parallelogram responses made up 44% of the incorrect responses on the pre-test and 50% of incorrect responses on the post-test.
Discussion
Pre-test scores
Geoscientists believe that they depend on spatial abilities in their work (Hegarty et al., 2010; Mogk & Goodwin, 2012; Shipley et al., 2013; Mosher et al., 2014; Kranz et al., 2016). However, it is not clear whether spatial thinking skills develop consistently as students take geology courses (Titus & Horsman, 2009; Ormand et al., 2014a; Gold et al., 2018); it is possible that spatial thinking skills serve as a gate-keeper early in many STEM disciplines, including the geosciences (Uttal & Cohen, 2012).
This study involves a group of students early in their geoscience careers: students who have taken at least one introductory geology course, but who have not taken intermediate-level courses such as Structural Geology or Stratigraphy. Therefore, the pre-test scores may indicate whether students with high spatial abilities self-select into a geology major.
The results are different for the water-level test (spatial perception, extrinsic static) versus the GBCT (penetrative thinking, intrinsic dynamic). In the water-level test, 86% of the students had scores better than 6.5° (Table 3). For comparison, in Liben et al. (2011)’s study of non-geology majors, only 52% of male students and 41% of female students in the potential participant pool had water-level scores better than 6.5°. The students in Methods already had strong spatial perception skills at the beginning of their sophomore-level geology courses.
On the other hand, at the beginning of Methods, students' mean GBCT scores (6 out of 16, or 38%)  (Table 4) were only slightly higher than scores reported for test populations of introductory psychology students (Gagnier et al., 2016, 36%; Gagnier & Shipley, 2016, 28% to 35%; Atit et al., 2015, 26% to 30%), using shorter versions of the GBCT. Most of the students in this study had plenty of room to improve their penetrative thinking skills.
Improvements in GBCT scores
The most important result from this study is the confirmation that field courses do improve one kind of spatial thinking: penetrative thinking (as measured by the GBCT). Both male and female students improved significantly (p < 0.0001), with moderate to high effect sizes (Table 4). Improvements vary from 45% of a standard deviation (for male students) to 83% of a standard deviation (for female students). These effect sizes are similar to those found in meta-analyses of successful training that is specifically designed to improve spatial thinking skills, and higher than typical for indirect training (e.g. through engineering courses) (Baenninger & Newcombe, 1989). This result is consistent with findings that spatial skills are malleable, and can be improved by courses as well as by task-specific training (Uttal et al., 2013).
In comparison, previous studies have shown mixed results of other geology courses on penetrative thinking skills. Statistically significant improvements in general penetrative thinking (Planes of Reference Test) during Structural Geology were reported by Titus & Horsman (2009) and Ormand et al. (2014a), and by Giorgis (2015) after adding a Google Earth mapping exercise. On the other hand, no statistical improvement was observed on the GBCT during structural geology courses by Ormand et al. (2014a).
The improvement in GBCT scores in this study is consistently significant at the 99% confidence level and has a moderate to high effect size. This result supports the anecdotal beliefs amongst geologists that "3D thinking" (or penetrative thinking) improves by learning basic bedrock geologic mapping.
Durability of training versus re-testing effect
The durability of the improvement in penetrative thinking can be explored by looking at GBCT scores for students who took the test again nine months later, at the beginning of Structural Geology (Table 4). Previous work has shown that taking a test repeatedly can improve scores, and studies with a pre-test/post-test design, such as this study, tend to report higher effect sizes than studies that use a control group (Uttal et al., 2013). Although the GBCT has not shown a re-testing effect (Ormand et al., 2014a), data from the Structural Geology pre-test could include the effect of re-taking the test, as well as the effect of losing the skills gained in Methods. Students may also have improved their spatial thinking skills through other geology courses (e.g. Petrology for students who took the courses in the expected sequence, or Historical Geology or Stratigraphy and Sedimentology for students who took a less common path through the major).
In general, there was very little change between the post-test scores from Methods and the pre-test scores from Structural Geology (Fig. 4b; Table 5). None of the changes are significant at the 95% confidence level. One possible interpretation is that the GBCT does not have a strong re-testing effect (consistent with the results of Ormand et al., 2014a), and that the effect of the indirect spatial training through the Methods course was also durable. However, it is also possible that the loss of skills during the time after completing Methods was completely balanced by the improvement of scores resulting from re-taking the test. 
Relationship between water level and GBCT scores
Students who did well on the water-level test (scores ≤ 6.5°) had a wide range of both pre-test and post-test scores on the GBCT (Fig. 9a, Fig. 9c, Table 8). This is consistent with previous work on the relationship between spatial thinking skills: the water level test (spatial perception, extrinsic static) is a different skill from penetrative thinking (spatial visualization, intrinsic dynamic) (e.g. Linn & Peterson, 1985; Baenninger & Newcombe, 1989; Voyer et al., 1995; Ormand et al., 2014a; Newcombe & Shipley, 2015). However, students with poorer scores on the water level test typically did not have high pre-test scores on the GBCT (Fig.9). Comparing the GBCT scores for students who passed versus failed the water-level test (score ≤ 6.5°) illuminates those differences (Fig. 9b, Fig. 9d, Table 8, Table 9). Students who passed the water level test had both higher pre-test GBCT scores (median 7) and post-test scores (median 10) than students who failed the water level test (pre-test 2.5, post-test 5.5) (Fig. 9, Table 8).
Both students who passed and failed the water-level test improved their penetrative thinking during Methods (Fig. 9, Table 9). The effect size was moderate for both groups: students who passed the water-level test improved by 55% of a standard deviation, and students who failed the water-level test improved by 72% of a standard deviation. The difference in improvement was not significant (p = 0.6903). 
The small number of students who failed the water-level test (n = 12) makes it difficult to draw any statistically significant conclusions from these data, and makes it difficult to examine the interaction between low skill at the water-level test and other variables (particularly gender). Even with these low numbers, the improvement in GBCT scores by students who failed the water-level test was statistically significant at the 95% confidence level. This suggests that students who struggle with some types of spatial thinking can improve at other types with training.
GBCT improvement - correct versus parallelogram scores 
The incorrect responses on the GBCT provide insight into the nature of students' confusion about penetrative thinking. One of the types of incorrect response, the parallelogram answer, is especially bizarre. These answers represent drawings of the exact image that is in the parallelogram-shaped "box" used to show participants where to "cut" the block diagram (Ormand et al., 2014b). The parallelogram responses tend to look like very bizarre structures, much stranger than other possible responses (such as the image on a visible face of a block) (Fig. 2). Selecting these responses could represent a fundamental misunderstanding of the activity. Do students need to understand that these types of responses are incorrect in order to start thinking penetratively? This question can be explored through two different approaches: examining the improvement in the total parallelogram score (a number between 0 and 16), and evaluating changes in the proportion of parallelogram answers out of the total number of incorrect answers. If a conceptual change (Rapp & Uttal, 2006) is necessary before spatial thinking improves, then one should expect the parallelogram responses to decrease more than the correct responses increase. One could also expect that the proportion of parallelogram responses (out of all incorrect answers) should decrease between the pre- and post-test, especially for the students with low scores.
Both the correct GBCT scores and the incorrect parallelogram scores improved between the pre- and post-tests. Correct scores increased by 2 points (Fig. 4a; Table 4), and incorrect parallelogram responses decreased (improved) by 1 point (Fig. 7; Table 7). Both changes were significant at the 99% confidence level (correct p < 0.0001; parallelogram p = 0.0003). The effect size for improvement in the correct scores was larger (0.538) than for the parallelogram scores (-0.331). 
Typically, around half of the incorrect answers chosen by students were the parallelogram responses (Fig. 8, Table 6). That was true both on the pre- and the post-test. However, there is a large variation amongst the students. If students had to reject the parallelogram response, maybe students with low GBCT scores would have chosen a high proportion of parallelogram responses. On graphs comparing the proportion of parallelogram responses to GBCT scores (Fig. 10a), this appears to be the case for the pre-tests. Students with high GBCT scores tended to choose a smaller proportion of the parallelogram responses. This pattern disappears for the post-test (Fig. 10b): both low- and high-scoring students chose the full range of possible parallelogram responses.
If students need to reject the "parallelogram" misconception in order to reach the correct answer, the change in parallelogram scores should precede a change in correct scores. A graph of improvement in correct scores versus improvement in parallelogram scores (Fig. 11) can be used to explore whether students rejected parallelogram responses, switched directly from parallelogram to correct scores, or changed from other responses to correct responses. Improvement in both scores should appear in the upper left quadrant (positive correct change and negative parallelogram change). Most students improved in both scores. If students traded parallelogram responses for correct responses, the points should lie on a line with a slope of -1 (Fig. 11). Students who changed more parallelogram responses should plot below the line, and students who changed more responses to correct should plot above the line. Most points lie above the line, implying that more students changed to correct responses than rejected parallelogram responses.
Gender differences 
Previous studies have recognized differences in spatial thinking skills between males and females (Linn & Peterson, 1985; Voyer et al., 1995; Uttal et al., 2013; Gold et al., 2018). These differences are especially prominent in mental rotation tests (Vandenberg & Kuse, 1978), which are not addressed in this study. However, gender differences have also been recognized in spatial perception (including the water-level test) (Linn & Peterson, 1985; Voyer et al., 1995) and in penetrative thinking skills (Kali & Orion, 1996; Piburn et al., 2005; Hegarty et al., 2009; Giorgis, 2015).
Gender differences exist in pre-test scores for both the water-level test and the GBCT. In the water-level test, the differences are most pronounced when the scores are categorized into "pass" (average angle ≤ 6.5°) or fail (> 6.5°): 89% of the male students passed, whereas 79% of the female students did (Table 3). No students changed pass/fail categories between the pre-test and post-test; the gender differences in water-level test scores remained at the end of the course.
On the GBCT, there are also gender differences in pre-test scores (Fig. 6a; Table 4) (female median 5; male median 7). These differences are significant at the 99% confidence level (p = 0.009). On the post-test (which is more negatively skewed than the pre-test scores), there is still a difference in median scores (female 8; male 10) (Fig. 6b, Table 4). However, the difference in post-test scores between male and female students is not statistically significant, even at the 90% confidence level (p = 0.151) (Table 4). The improvements in penetrative thinking during the sophomore field course lessened the gap in penetrative thinking skills between male and female students.
Both female and male students improved their GBCT scores between the beginning and end of the course. Female students improved more than male students (female median 4; male median 2), and the effect size of the improvement is larger for female students (0.832) than for male students (0.445). However, the differences in improvement are not statistically significant even at the 90% confidence level (p = 0.112).
Improvement in the parallelogram scores shows a somewhat different pattern by gender. The improvement in parallelogram scores for female students was larger than the improvement for male students. Female students improved by a median of 2 points (p = 0.0011, Cohen's d = 0.597) (Fig. 12; Table 7). This improvement is significant at the 99% confidence level, and represents an improvement of 60% of a standard deviation. Male students showed little change in their parallelogram scores (median improvement = 0, p = 0.053, Cohen's d = -0.197) (Table 7). Improvement in parallelogram scores for male students was not significant at the 95% confidence level. The difference in improvement between female and male students is statistically significant at the 95% confidence level (p = 0.017) (Table 7).
When students did not choose the correct answer, approximately half of their responses were parallelogram answers (Table 6). On the pre-test, female students chose parallelogram answers for 64% of their incorrect answers, whereas male students chose parallelogram answers 45% of the time. This difference is significant at the 99% confidence interval (p = 0.004). On the post-test, the gender difference in selecting the parallelogram response disappeared (p = 0.175) (Table 6). Female students are the one population for whom the conceptual change (rejecting the parallelogram option) seems to have been important in improving penetrative thinking.
Previous work has shown contradictory results about the effect of training on gender differences in spatial thinking skills. Although some types of training reduce the difference in penetrative thinking between male and female students (Reynolds et al., 2006; Giorgis, 2015), the differences in improvement tend to not be statistically significant (Baenninger & Newcombe, 1989; Uttal et al., 2013). Baenninger & Newcombe (1989) suggested that this discrepancy could be explained if males had not reached an asymptotic level of performance on a particular skill, and both males and females had room to improve their spatial skills. This explanation is consistent with the improvements in GBCT scores: the highest GBCT score recorded on the pre-test (14) was below the maximum possible score (16), and no student had a perfect score on the post-test. The parallelogram scores, which show greater differences in improvement between female and male students, are also closer to an asymptotic level of performance for male students: the minimum score is zero (students did not choose any of the parallelogram responses), and the post-test scores are strongly skewed, especially for male students.
On the other hand, if gender differences are reduced when participants already have strong spatial skills, this effect should also be seen in the water-level test scores. Performance on the water-level test should have been asymptotic, particularly for the male students (86% passed on the pre-test). Water level scores did not improve during the course, and no students who had failed the pre-test (score > 6.5°) passed the post-test. The gender gap between male and female students on the water-level test did not decrease. This is additional evidence that the indirect training involved in the course did not affect the spatial perception skills of the students in the same manner that it affected penetrative thinking skills.
Many studies have examined gender differences in spatial thinking and discussed their implications for the causes of those gender differences (Linn & Peterson, 1985; Baenninger & Newcombe, 1989; Voyer et al., 1995; Uttal et al., 2013; Gold et al., 2018). This study does not shed any light on the causes of gender differences in penetrative thinking. However, its results are consistent with models in which spatial thinking skills are at least partly shaped by differences in experiences. Gender differences in penetrative thinking can be reduced by the indirect training involved in collecting field data and using them to make geologic maps and cross-sections.
What activities could promote development of penetrative thinking skills? 
This study does not address the causes of the improvement of penetrative thinking skills. However, understanding the activities in the sophomore mapping course can provide hypotheses for future study.
The course activities that are most similar to penetrative thinking tests involve making geologic maps in areas with sufficient relief and exposure to show cross-section relationships during field work. Approximately half of Methods is spent making geologic maps in the field and using those maps to draw geologic cross-sections. For each map, students spend eight to twelve hours of class time in the field (locating contacts, drawing contacts on a topographic base map, measuring strike and dip of bedding or other planar features), followed by additional class time drawing cross-sections. The geology in the map areas is structurally simple (dipping beds or dipping beds cut by 10-meter-offset faults). Most of the map areas include valleys eroded in the general dip direction, making the cross-section relationships visible on valley walls.
In addition to making maps, the course includes instruction and practice in sighting bearings and inclinations with a compass, measuring lines and planes with a compass, measuring distances and plotting them to scale on a map, measuring angles on a map, drawing topographic profiles (both from inclinations measured in the field and from topographic maps), and reading and plotting the typical symbols used on geologic maps. These activities seem less applicable to penetrative thinking, but may relate to other types of spatial thinking that were not addressed in this study.
Limitations 
 This study did not include any measure of general intelligence (e.g. SAT scores, admissions index scores, or course grades), which explained some of the variation in spatial thinking skills in previous studies (e.g. Gold et al., 2018). General intelligence may be responsible for the association between poorer scores on the water-level test and on the GBCT. In addition, considering the effect of general intelligence has been shown to make gender differences more pronounced (Gold et al., 2018). If this were true of the population in this study, it is possible that gender differences would still exist in the post-test scores.
Implications
Although geoscientists generally believe that field work is important (Petcovic et al., 2014), field mapping may be inaccessible for many students. Sophomore mapping courses are rare; more commonly, US geology majors spend the summer after their junior year traveling to appropriate field areas to learn to make geologic maps. The time and expense necessary for travel can be a burden for some populations of students (Petcovic et al., 2014; Hupp, 2017). Furthermore, many field areas are physically challenging to access for students with disabilities, and it is important to design field exercises to accommodate these students (Atchinson & Feig, 2011). Finally, traditional field camps that emphasize bedrock mapping can seem too specialized for today's wide range of geoscience careers; in Petcovic et al. (2014)'s survey of geoscientists, only 36.5% of respondents thought a bedrock mapping course should be required for a geoscience degree.
This study suggests that learning to make a geologic map is an effective way to learn penetrative thinking skills. If that is true, and penetrative thinking skills are valuable regardless of whether a geoscientist's career involves bedrock mapping, then geoscience programs need to ensure that field work is accessible to all students, or find alternative ways to effectively train penetrative thinking skills.
Computer-based exercises may be able train students in the kinds of penetrative thinking used by geologists (e.g. Google Earth exercise used by Giorgis (2015); fold analysis challenge (De Paor et al., 2016); block model activities on Visible Geology (http://app.visiblegeology.com/); Hidden Earth modules (Reynolds et al., 2006)). In addition, activities such as predictive sketching (Gagnier et al., 2016) and gesturing (Atit et al., 2015) provide similar improvements in penetrative thinking skills to the Methods course. The results of this study provide a baseline for comparison for these and future studies. If these activities provide similar benefits to field mapping, then they could be combined with accessible field trips that are focused on the other benefits of field work (such as affective experiences and induction into a community of practice (Mogk & Goodwin, 2012)) to achieve similar outcomes.
CONCLUSIONS
Learning to make a geologic map from one’s own field data improves penetrative thinking skills, as geologists have long suspected. In addition, bedrock mapping reduces the gender differences in penetrative thinking skills; after learning to map, the skills of male and female students are statistically indistinguishable. The magnitude of this improvement is similar to that observed after direct training of penetrative thinking skills, and the improvement seems to be durable. These results imply that access to field courses is important for developing the penetrative thinking skills of geoscientists.
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TABLES
Table 1. Expected sequence of courses in the geology major at the study institution. The course discussed in this paper, Field Methods I, has a prerequsite of an introductory geology course and College Algebra or above. It is a prerequisite for junior-level courses such as Structural Geology, Sedimentology and Stratigraphy, and Geomorphology.

	Freshman
	Sophomore
	Junior
	Senior

	Intro Geology with lab
	Field Methods I
	Structural Geology
	Field Camp

	Historical Geology
	Mineralogy
	Stratigraphy/Sedimentology
	Elective 1

	
	Petrology
	Geomorphology
	Elective 2

	
	GIS
	Research Methods
	Senior thesis





Table 2. Comparison of the number of potential participants (all students in the courses) with the numbers of students who took the pre-test, the post-test, and both. The study only includes the students who took both the pre- and post-tests.
	Term
	Potential participants
	Pre-test
	Post-test
	Both

	F14
	37
	32
	23
	23

	F15
	21
	19
	17
	16

	F16
	25
	23
	18
	18

	F17
	18
	17
	12
	11

	S16
	9
	8
	8
	8

	S17
	8
	7
	7
	7

	Total
	118
	106
	85
	83




Table 3. Water-level task results. The standard deviation is given in parentheses after the mean. The number of female plus male students is less than that total number because some students did not report a gender. “Pass” is the number of students whose average water-level angle was ≤ 6.5°. The Mann-Whitney U test was used to calculate p for the gender difference.

	Test
	
	N
	Mean (sd)
	Median
	Skewness
	# Pass

	Methods Pre-test
	All
	83
	3.3 (4.1)
	2
	2.03
	71 (86%)

	
	Female
	29
	4.1 (4.0)
	3.5
	0.89
	23 (79%)

	
	Male
	53
	2.9 (4.2)
	1.7
	2.61
	47 (89%)

	Methods Post-test
	All
	83
	3.9 (4.7)
	3
	4.68
	71 (86%)

	
	Female
	29
	4.5 (3.2)
	3.7
	1.15
	23 (79%)

	
	Male
	53
	3.6 (5.4)
	2.5
	4.85
	47 (89%)






Table 4. GBCT scores. The second Methods post-test is the subset of students who also took the Structure pre-test. Score is out of a total of 16 possible points. Standard deviation is given in parentheses after the mean score.

	Test
	
	n
	Mean
	Percent correct
	Median
	Skewness
	p (gender difference)

	Methods Pre-test
	All
	83
	6.1 (3.7)
	38%
	6
	0.124
	0.009**

	
	Female
	29
	4.7 (2.6)
	31%
	5
	0.034
	

	
	Male
	53
	6.8 (3.9)
	44%
	7
	-0.126
	

	Methods Post-test
	All
	83
	8.3 (4.4)
	56%
	9
	-0.443
	0.151

	
	Female
	29
	7.5 (4.0)
	50%
	8
	-0.239
	

	
	Male
	53
	8.7 (4.6)
	63%
	10
	-0.561
	

	Methods Post-test
	All
	51
	7.8 (4.4)
	56%
	9
	-0.299
	0.950

	
	Female
	16
	7.9 (4.5)
	53%
	8.5
	-0.266
	

	
	Male
	34
	7.8 (4.6)
	53%
	8.5
	-0.261
	

	Structure Pre-test
	All
	51
	8.3 (3.7)
	50%
	8
	-0.202
	0.348

	
	Female
	16
	7.4 (3.8)
	44%
	7
	-0.156
	

	
	Male
	34
	8.6 (3.6)
	53%
	8.5
	-0.143
	






Table 5. Changes in paired GBCT scores. Standard deviation for the change is given in parentheses after the mean. Two-tailed t-tests used to calculate mean change, confidence interval, standard deviation, and p-value; means and standard deviations of pre- and post-tests used to calculate Cohen’s d. Asterisks indicate changes that are significant at the 99% confidence level. 
	Tests
	Change
	n
	Mean
	Median
	p
	Cohen's d

	Methods pre to Methods post
	All
	83
	2.2 (2.9)
	2
	<0.0001**
	0.538

	
	Female
	29
	2.8 (3.2)
	4
	<0.0001**
	0.832

	
	Male
	53
	1.9 (2.7)
	2
	<0.0001**
	0.445

	Methods post to Structure pre
	All
	51
	0.43 (2.7)
	0
	0.2632
	0.106

	
	Female
	16
	-0.44 (2.7)
	-1.5
	0.5314
	-0.105

	
	Male
	34
	0.79 (2.7)
	1.0
	0.0951
	0.193






Table 6. Number of parallelogram responses for students who took both the pre-test and post-test for Methods. Score is out of a total of 16 possible points. Standard deviation is given in parentheses after the mean score. “Mean prop” is the fraction of all incorrect answers that were parallelogram answers. The Mann-Whitney U test was used to test the significance of the gender difference in proportion of parallelogram responses compared to the total number of incorrect responses.
	
	
	n
	Mean
	Median
	Skew
	Mean prop
	Median prop
	Skew

	p (gender difference)

	Methods pre
	All
	83
	5.2 (4.1)
	4
	0.84
	0.52 (0.28)
	0.50
	0.016
	0.004**

	
	Female
	29
	7.1 (4.2)
	6
	0.47
	0.64 (0.26)
	0.67
	-0.160
	

	
	Male
	53
	4.3 (3.7)
	4
	1.07
	0.45 (0.27)
	0.44
	0.137
	

	Methods post
	All
	83
	3.9 (3.6)
	3
	1.29
	0.48 (0.25)
	0.50
	-0.111
	0.175

	
	Female
	29
	4.7 (3.7)
	4
	0.98
	0.53 (0.23)
	0.53
	-0.513
	

	
	Male
	53
	3.5 (3.6)
	2
	1.46
	0.46 (0.26)
	0.50
	-0.094
	



[bookmark: _GoBack]

Table 7. Changes in paired parallelogram scores. Standard deviation for the change is given in parentheses after the mean. Two-tailed t-tests used to calculate mean change, confidence interval, standard deviation, and p-value; means and standard deviations of pre- and post-tests used to calculate Cohen’s d. Asterisks indicate changes that are significant at the 99% confidence level.
	Tests
	Change
	n
	Mean (sd)
	Median
	p
	Cohen's d
	p (gender difference)

	Methods pre-Methods post
	All
	83
	-1.3 (3.1)
	-1
	0.0003**
	-0.331
	0.017*

	
	Female
	29
	-2.4 (3.5)
	-2
	0.0011**
	-0.597
	

	
	Male
	53
	-0.7 (2.6)
	0
	0.0534
	-0.197
	





Table 8. GBCT scores for students who passed the water-level task (average water-level angle ≤ 6.5°) compared with students who failed the water-level task (average water-level angle > 6.5°). Score is out of a total of 16 possible points. Standard deviation is given in parentheses after the mean score.
	
	
	n
	mean
	median
	skewness

	Pre-test
	Water pass 
	71
	6.6 (3.7)
	7
	-0.08

	
	Water fail
	12
	3.3 (1.8)
	3.5
	-0.01

	Post-test
	Water pass
	71
	8.8 (4.3)
	10
	-0.64

	
	Water fail
	12
	5.3 (3.5)
	5.5
	0.21





Table 9. Changes in paired GBCT scores for students who passed the water-level task versus students who failed the water-level task. One asterisk indicates change that is significant at the 5% confidence level; two asterisks represent change that is significant at the 99% confidence level. 
	Change
	n
	mean
	median
	p
	Cohen's d
	p (difference pass vs fail)

	Water pass
	71
	2.2 (2.9)
	2
	<0.0001**
	0.547
	0.690

	Water fail
	12
	2.0 (3.1)
	1
	0.049*
	0.718
	






FIGURE CAPTIONS
Figure 1. Example question from the water level task (Liben, 1990; retrieved from http://labs.la.psu.edu/libencsdlab/). Subjects are instructed to imagine that the bottle is half to ¾ full of water, and to draw a line showing the top of the water in the bottle.

Figure 2. Example GBCT question. Subjects are asked to identify the correct cross-section from the four possible answers. Answer “B” is an example of the parallelogram type of incorrect answer.

Figure 3. Histograms of water-level task scores on pre-tests for (A) the pre-test and (B) the post-test for Methods. Each score represents the average of angular difference between the student’s answer and the correct answer for six problems.

Figure 4. GBCT scores (out of 16) for (A) pre- and post-tests in the sophomore field methods course and (B) the post-test for Methods and the pre-test for Structural Geology. Each triangle represents an individual score. The black square represents the mean score for the group, and the thick line represents the median score. The box shows the middle half of the scores (between the 25th and 75th percentile). The vertical lines show the full range of data, from the maximum to the minimum scores. The data set for (A) includes all students who took both the Methods pre-test and post-test; the data set for (B) includes only the students who also took the Structure pre-test.

Figure 5. Comparison of pre-test versus post-test GBCT scores for the Methods. The line represents equal pre- and post-test scores. All points above the line show improvement between the beginning and end of the class. The darkness of the points indicates the number of pairs of data with those values; darker shades indicate a higher density of points. Scores of female participants are shown with a circle; scores of male participants are shown with a triangle.

Figure 6. Comparison of GBCT scores (out of 16) of female (F) and male (M) students for the Methods pre- and post-tests. Each triangle represents an individual score. The black square represents the mean score for the group, and the thick line represents the median score. The box shows the middle half of the scores (between the 25th and 75th percentile). The vertical lines show the full range of data, from the maximum to the minimum scores.

Figure 7. GBCT parallelogram scores (out of 16) for Methods pre- and post-tests. Each triangle represents an individual score. The black square represents the mean score for the group, and the line represents the median score. The box shows the middle half of the scores (between the 25th and 75th percentile). The vertical lines show the range of data, from the maximum to the minimum scores; statistical outliers (more than 1.5 times the interquartile range from the 3rd quartile) are shown as a dark grey circle.

Figure 8. Proportion of incorrect GBCT responses represented by the parallelogram response for the Methods pre- and post-tests. Each triangle represents the proportion for an individual student. The black square represents the mean proportion for the group, and the line represents the median proportion. The box shows the middle half of the proportion (between the 25th and 75th percentile). The vertical lines show the range of data, from the maximum to the minimum proportion.

Figure 9. Comparison of water-level test scores with GBCT scores. (A) and (B) Scatter plot of GBCT score versus water level test score for the pre-tests and post-tests. (C) and (D) Box-and-whiskers plots comparing GBCT scores for students who passed the water-level test (average angle ≤ 6.5°) with students who failed the water-level test (average angle > 6.5°). Each triangle represents an individual score. The black square represents the mean score for the group, and the line represents the median score. The box shows the middle half of the scores (between the 25th and 75th percentile). The vertical lines show the range of data, from the maximum to the minimum scores.

Figure 10. Scatter plot of the proportion of parallelogram scores versus the number of correct GBCT responses on the Methods pre-test (A) and Methods post-test (B). The maximum number of correct responses possible is 16.

Figure 11. Comparison of change (post-test – pre-test) in correct scores versus parallelogram scores. Negative values of “parallelogram improvement” represent better scores. Points within the upper left quadrant of the graph represent improvements in both scores. The line with a negative slope represents an equal increase in correct scores and decrease in parallelogram scores. Points that plot above the line show more improvement in correct scores; points that plot below the line show more improvement in parallelogram scores.
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Geologic Block Cross-sectioning Test Name:

This task is designed to assess your ability to mentally slice through a three dimensional geologic
structure expressed in a block diagram.

For each item below:

1. Study the geologic structure that is displayed in the 3-D block diagram.

2. Determine what the cross-section of that geologic structure would look like on the surface
of the vertical plane intersecting the block.

3. Choose the multiple choice answer that best represents how the structure would appear
along that plane.

Here is an example problem:

C D

The answer to the example problem is C. It shows the units with the correct
thicknesses and in the correct orientation.

There are 16 questions. You will have minutes to complete this task.




image3.png
Water Level Pre-Test

20+
184
164
144
124
104
8
64
4
2
04

Number of Responses

0 10 20 30 40
Average Deviation from Horizontal




image4.png
Water Level Post-Test

20+
184
164
144
124
104
8
64
4
2
04

Number of Responses

0 10 20 30 40
Average Deviation from Horizontal




image5.png
Methods Pre- to Post-test Change
161

)

GBCT Score
©





image6.png
Correct Responses

Change Between Courses

161

124

Metho(‘is Post S(rucnllre Pre
Test





image7.png
Comparison of GBCT Scores

Post-Test Correct

161

o AaA

eAAAA AU
eA A '
o AAA N
Aes A ) A
AArs o

AA 4

se

o/

0 4 8 12
Pre-Test Correct

16

gender
°F
AM




image8.png
Methods Pre-Test

GBCT Score
®





image9.png
Methods Post-Test

GBCT Score
®





image10.png
Change in Parallelogram Scores
16

124

Parallelogram Responses
®





image11.png
Methods

o ®© o © o
S = ® & g
< s 3 S S

uojuodoid weibojajjesed

Post

Pre

Test




image12.png
GBCT Correct

Methods Pre-Test

0 5 10 15 20 25 30 35 40
Water Level Score




image13.png
GBCT Correct

Methods Pre-Test

16

124

Fail
Water Level Test





image14.png
GBCT Correct

Methods Post-Test

0 5 10 15 20 25 30 35 40
Water Level Score




image15.png
GBCT Correct

Methods Post-Test

16

124

A

Fail
Water Level Test





image16.png
(=3
=3

o
by
o

o
o
=3

o
)
o

Methods Pre-Test

Proportion Parallelogram

o
=3
=3

4 8 12 16
GBCT Correct





image17.png
o

Proportion Parallelogram
o

0.0014 o

Methods Post-Test

=3

o

0 4 8 12 16
GBCT Correct




image18.png
Correct Improvement

Change in GBCT Scores

12 -8 4 0 4 8 12
Parallelogram Improvement




image19.png
Methods Pre-Test

sasuodsay weibojo|esed

Gender




image20.png
Parallelogram Responses

Methods Post-Test

>

)

3

IS

=)

o A

i





