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Abstract

We examined the effectiveness of the SciTrek outreach program involving two junior high teachers in the same school.
SciTrek has run modules in 2nd-8th grade classrooms since 2010, with each classroom participating in two modules
per academic year. For this study, students (206) in eight classrooms took part in one 7th grade module focused on
conservation of mass lasting six days during the Fall, and a different module focused on cellular respiration and lasting
eight days in the Winter. Students took a pre-assessment prior to the modules to determine their ability to identify a
testable question, to plan and design an experimental investigation, to analyze and interpret data with computational
thinking. Upon finishing both modules, students took the same assessment. Students improved significantly in all
aspects, showing improvements of 10% to 45%. Students with lower academic performance (College Preparatory, three
classrooms) improved more and showed more variability in their improvement than those with higher prior academic
performance (Honors). The population included socioeconomically disadvantaged (57%) and Hispanic or Latino (64%)
students. We discuss the importance of key features of the approach: the inclusion of four to six trained university
volunteers in each classroom to guide small group discussions, and the active engagement of the 7th grade students in
developing their own questions, designing their own experiments, data collection, and the defense of their conclusion
to their peers.
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Introduction

Two observations underpin the 2009 launch of the SciTrek outreach program from the Chemistry and Biochemistry
Department at the University of California at Santa Barbara (UCSB): The broad consensus that science education
at the K-12 as well as at the university levels needs to be improved for multiple reasons [1-8]. Also, in spite of the
existence of creative, diverse and effective approaches to address this problem, there is room for improvement in
student performance or retention at the national level [9-19].

What are the major, acknowledged challenges for K-12 science education in the US?

While some challenges are grade-level specific (e.g., elementary students typically only receive on average less than
three hours per week of science instruction), most K-12 grades witness similar problems [20]. An emphasis on subject
matter content has been historically seen as problematic although more recent developments such as Next Generation
Science Standards (NGSS) and other inquiry-based instructional methods support an increased focus on science practices
and aspects of critical thinking [21,22]. The focus on content is particularly prevalent in middle school and high school
classes, and continues at the university level. Strong evidence now links this content focus to a second challenge, the
attrition of K-12 students from STEM courses, with the result that insufficient students choose STEM related career paths
which is particularly troubling for minorities [23-30]. In spite of diverse programs to address these problems, progress
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on improving science education remains unacceptably slow [1-8]. Subject matter test performance at the national and
international levels and test performance on science and engineering practices remain problematic.

In many cases, programs have provided convincing statistical analysis showing their effectiveness on student retention
and performance [12,18,31-39]. These programs include professional development opportunities for teachers, outreach
efforts, public participation in research, reform-based curricula changes, preservice teacher education among other
efforts. These advances beg the question of why improvements in STEM performance and retention of students in
STEM fields remains problematic in the US, which is particularly troubling for cohorts which have traditionally been
underrepresented in STEM such as minorities and women [7,23,27,29,40-42]. While the use of standardized testing to
gauge student achievement, both individually and collectively, has been criticized it remains one metric which clearly
shows very little evidence of improvement, both within the US as well as when comparing US students to international
students [34-36,43,44]. This is true both for subject matter content as well as assessments which gauge understanding
of scientific practices. Similarly, the extensive literature on the need for US workers with a STEM background has not
been addressed by any significant increase in the total numbers of K-12 students obtaining university training in STEM-
related fields. Particularly troubling is the lack of significant increases in women and minorities obtaining university STEM
related training [23,27,29,40,41].

Methodology

The SciTrek program has been run since 2010 and covers grades 2-8, and is how expanding into high school. This study
is exclusively focused on modules run in the 7th grade. We describe the origin and organization of the SciTrek program,
a description of the two 7th grade modules used for this study, and the content, administration, and analysis of the
assessments.

Origin and Organization of Scitrek

Given the strong evidence that effective programs to improve science education for K-12 students exist, why is progress
on making real change so slow? The effectiveness of the SciTrek program in helping elementary students improve in
their attitudes towards science and secondary students improve in critical thinking as applied to science practices this
work, is compelling [45]. The ability of the program to address the broader concerns, for example, of improving long
term retention of minority and women in STEM studies, is an ongoing interest, not addressed here.

Four insights form the basis of the SciTrek approach, presented here for the 7th grade modules, guided in part by
evidence from various studies, and the corresponding author’s experience in working with university students at UCSB.
First, obtaining personal guidance from an “expert” is essential for novices in STEM and non-STEM subjects [11,
37]. This process is labor intensive and best done in a small group setting which is extremely challenging for both
elementary and secondary teachers [3,20,31,46,47]. The small groups of K-12 students (four to six, and for this study,
7th grade students) which are mentored by the university volunteers over a period of five to eight days, represents a
distinct feature of the program. While these university volunteers have not received any formal teaching training, they
do receive training in the modules as well as how to ask leading questions to encourage students to improve their
ability to ask testable questions, experimental designs, interpretation of experimental results, and presentation of their
findings [48, 49]. The multi-day discussions between volunteers and a small group of students are simply not possible
by a single person (teacher) when 30 or more students are engaged in many different experiments. A typical comment
from a participating 7th grade teacher supports this statement: “As a science teacher I have not seen another program
like SciTrek. NGSS emphasize having students conduct experiments, but with over 200 students a day the reality of
executing that is daunting. Being able to partner with UCSB students who guide students through the process makes
it possible”, JH, Science Department Head, Anacapa Middle School, Ventura California. Because the volunteers are 60-
70% female and 30-40% minority, these interactions help students consider how females and minorities can engage in
science [50-56].

Second, to the extent possible, students need to think that what they are working on is at least in part driven by their
own interests [57]. This feature requires attention and is very age- and grade-driven. Unguided inquiry has been shown
to be less effective than guided inquiry [17,18,37,38]. However, rote learning from following a detailed script is quite
ineffective in building student interest and confidence [58]. Third, the possibility, indeed the likelihood of experimental
“failure” and subsequent analysis by students, needs to be allowed for and encouraged [44]. Fourth, secondary school
science teachers, and certainly elementary school educators, have minimal exposure to authentic science investigations
and instruction during their own education and teacher training [59].

SciTrek typically reaches 10-15 schools, 60-70 teachers and approximately 2000 K-12 students each year. The program
started at the second-grade level, and has expanded into secondary classrooms. As a result of district scheduling policy,
no single school has implemented the entire SciTrek program. The elementary program (grades 2-6) and the secondary
program are organized similarly, with important differences. Because elementary teachers rarely have a science
background, the program seeks to empower the teachers to take a leadership role over a two to three-year period; this
involves extensive consultation with SciTrek staff. At the secondary level, although the teachers generally have science
undergraduate degrees, they often lack any meaningful experience in carrying out research of any type [44]. Moreover,
they rarely have the time and resources to implement a program like SciTrek; interviews and testimonials from teachers
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involved with SciTrek at all levels strongly support this view. At the secondary level, SciTrek engages these teachers in
the design of module content. The long-term goal is to have teachers run two SciTrek modules each year with minimal
involvement of SciTrek staff, with the help of trained university students, experimental materials, and workbooks.

The secondary program is further distinguished by the involvement of undergraduate and graduate students (SciTrek
Research Group, SRG, coauthors of this work) who obtain research credit for assisting in all aspects of the program,
including training university volunteers, module development, student recruitment, leading modules in classrooms,
developing and administering assessments along with their statistical analysis and publication in peer reviewed journals.
SRG members typically have at least one year of extensive module experience prior to joining and work 10-15 hours per
week on the program. Many former SRG members are now enrolled in post graduate programs (e.g., Ph.D.) and training
in diverse health science programs.

The SciTrek program

Recruitment, Makeup and Training of University Students

While this study is focused on the 7th grade program, SciTrek runs similar programs in grades 2-8, which is summarized
here. University undergraduate and graduate students are recruited from all disciplines, but 95% are STEM majors or
have an interest in education. Undergraduates enrolled in the School of Education Minor in Science and Mathematics
Education as well as the Minor in Education program participate in SciTrek. Students enrolled in Chemistry 102 (Teaching
Chemistry at the High School/Junior High level), 193 (Internship in Chemistry), 198 (Research in Science Education) and
Education 129 (CalTeach) participate in SciTrek modules. UCSB has 23,349 undergraduates, 46 % are STEM majors,
and 2,965 are graduate students.

UCSB volunteers (four to six undergraduate and graduate students per K-12 classroom) who participate in running the
two modules featured in this study are provided volunteer notebooks, which contain the same activities outlined in the
student notebooks in addition to supplementary materials that further explain concepts covered in the module (See
Supplemental Files 1-6). Answers to the questions in the student notebook are included in the volunteer notebook.
All UCSB volunteers are required to attend a module orientation lasting one to two hours, specific to each individual
module (Best Bread, and Conservation of Mass), where SciTrek staff or SRG members thoroughly explain the activities,
procedures, and goals of the module to volunteers. The classroom teachers attend these orientations to become familiar
with the module and advise the university volunteers about their students. Volunteers are introduced to the activities
covered in each module as well as informed as to what is expected of them when speaking to and interacting with the
students. Volunteers are provided extensive guidance in asking students leading questions to improve the quality of the
questions the 7th grade students want to experiment on (48,49), on their experimental designs, on their data analysis,
and how best to present their data. The volunteer training and subsequent interactions with the students on this topic
are key features of the program. All SciTrek volunteers are offered transportation to local schools in order to help run
the module. Secondary teachers run the module in their classrooms with the help of the university volunteers. SciTrek
staff are also present in the classroom to help and look for ways of improving the modules.

Module description (Figures 1-3 and Supplemental Files 1-6).

Day 1: (45 Minutes)

- SRG members enter the classroom for the first time wearing lab coats and bring all module equipment.
The lead introduces themselves, the SciTrek program and each volunteer provides their name, major and
their interests. (5 minutes)

- Students are introduced to the concept of Cellular Respiration and its life sustaining role in biology in a
class discussion facilitated by the SciTrek lead. Students will also answer questions about cellular
respiration in the student workbook. All references to the student workbook in this figure pertain to
Supplementary File 1 in the supplementary materials. (5 Minutes)

- Students assemble in groups of four to six and one university volunteer to carry out the “Activating
Yeast,” activity (Figure 2A,B) involving two flasks (Figure 2C,D); each flask contains three grams of
yeast and 50 mL of water, and with only one flask having a gram of white cane sugar. Students briefly
stir the two flasks using a provided stir plate. Students are prompted to closely observe the two flasks and
record any noticeable visual and olfactory differences between the two flasks. The yeast flask containing
sugar has been ‘activated,” and should produce bubbles of carbon dioxide, creating a froth whereas the
yeast flask without sugar should remain unchanged. The students record their initial observations (Figure
2A) and answer questions in their SciTrek workbook (Figure 2E) (20 minutes)

- To illustrate the similarity between human cells and yeast cells, students observe UCSB volunteers as
they blow into bottles filled with Bromothymol Blue indicator. The indicator turns yellow, indicating
how humans and yeast cells both produce carbon dioxide as waste. (5 minutes)

- As practice for the following days, students assemble the water displacement apparatus that will be used
throughout the module (Figure 2C, D). (10 Minutes)
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Day 2: (45 Minutes)

- The entire class engages in a discussion with the SciTrek lead and volunteers about the importance of a
control trial in order to prepare for the activities for the rest of the day. Students understand that control
trials contain variables set to baselines in order to compare and determine effectiveness of their
experimental trials on Day 3 and Day 4. (10 Minutes)

- Students are tasked to perform their own control trial using the water displacement apparatus ( Figure
2C, D). Three grams of yeast and one gram of white cane sugar is added to the first flask at thirty-seven
degrees Celsius, stirring at low speed for a total of ten minutes. Students are provided extra time to
gather materials and clean up after the trial. (15 minutes)

- Each group of students then perform the “Maximize!” activity, where they design and run a trial where
their goal is to produce the most amount of carbon dioxide. They are allowed to change the amount and
type of sugar, water temperature, and stir speed. Students are allowed to change as many variables as
they would like. This activity frequently results in students understanding better the importance of testing
only one variable at a time as students see that using a protocol which alters multiple parameters, they
are unable to determine how much a specific variable affects carbon dioxide production. Once finished
with the activity, students are prompted to answer follow-up questions in their workbook (Supplemental
File 1). (20 Minutes)

Days 3 and 4: (45 minutes)

- Each group decides what variable they would like to experiment with and determine its effect on yeast
carbon dioxide production. They work with their chosen variable through both experimental trial days. (5
minutes)

- Students design and run at least four trials of ten minutes each with the water displacement apparatus
(Figure 2D). Each group decides, with input from the volunteer (if sought), how to vary the variable of
interest. Each group records and graphs their results (Figure 2E). (40 minutes)

Day 5: (45 minutes)

- The entire class then discusses what they believe to be the optimal condition for carbon dioxide
production; volunteers are encouraged to prompt students to present evidence to support their
suggestions. The entire class votes to determine the protocol to be used by all groups to generate
optimized variables with which they will run their optimized trial. Students then answer questions in
their student workbook based on the class results. This process is inherently complex as it involves
optimizing multiple parameters; this concept is brought up and discussed in small groups and in the
entire class (10 minutes)

- Using the optimized variables, each group runs a final trial using the optimized values and collects their
results. The class average is determined, and a discussion of outliers, and variability in data is led by the
teacher, SRG members and university volunteers. To incentivize good performance, the class that
receives the highest average carbon dioxide produced wins a pizza party. (20 minutes)

- Students then answer several questions pertaining to the optimized trial in their workbook and then
proceed to designing group posters that encapsulate the data gathered on days 3 and 4 (Supplemental File
1). (15 minutes)

Day 6: (45 minutes)

- Students finish working on their posters. Posters include their original hypothesis as well as tables and
graphs displaying the variables that they have tested as well and the results from their experiments. (20
minutes)

- Each group presents their poster at the front of the class and the entire class is involved in questions
directed to the presenters. (25 minutes)

Figure 1: Day to Day Schedule of the Best Bread Module
Note, the schedule for the Conservation of Mass module is presented in the supplementary materials (Supplemental File

8). The corresponding student, university volunteer and lead notebooks are also included in the Supplementary files
(Supplemental Files 1-6).
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A B

.m- What is Yeast and What Does it do?
Activating Y
Instructions: Weigh out 3 grams of yeast into two separate flasks. Add 1 gram of sugar to
one of the flasks (label this one “flask 1” and the one without sugar “flask 2"), and then add

50 mL of warm (37 °C) water to each of the beakers. Swirl the beakers and then let them
sit for 10 minutes. Record your observations below.

Prove It!
Instructions: Work with your Advisor to design an experiment to determine how your
chosen variable affects the amount of CO2 that your yeast can produce. Create a data table
for your experiment below.
Variable:
Data Table
Temperature | Amount of Amount of Stir speed Amount of water collected
of water bath yeast sugar

Trials Average (mL):

1. What effect did changing your variable have on the CO2 production of the yeast?

Figure 2: Best Bread Module

(see Supplemental Files 1-3 for corresponding complete notebooks). (A) Day 1 module activity. Students are tasked
with using their senses, excluding taste or touch, to observe the two different flasks, one containing a solution of yeast,
sugar, and water, and the other containing a solution of just yeast and water. These observations become the basis
of the questions they propose to investigate in the following days and activities. (B) Photograph of students running
the control trial using 3 grams of yeast and 1 gram of cane sugar in 100 mL of 37-degree water on Day 2. Students
are asked to take notes and observe while the trial is running. (C) Students are asked to draw their rendition of the
apparatus in the notebook on Day 1. A sample drawing is shown. Students can use their drawings as a quick reference
in later days. (D) The correctly assembled device is shown. (E) Students are asked to set up the experiment apparatus
consisting of two beakers, one containing the yeast mixture, the other containing water, connected with plastic tubing.
They are first asked to run the control trial with three grams of sugar and one gram of yeast and record the amount
of carbon dioxide gas produced from the trial. The students are then asked to perform a second trial to ‘maximize’ the
amount of carbon dioxide gas by changing one or more variables, from a list of potential variables.
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Prediction Justification

| predict that the combustion of steel | believe my prediction is correct
wool will cause the iron to____.(Jose/gain/ because....
have the same) mass.

Data Table Observations (Using your five senses to get info)

Mass of glass Petri dish

Mass of Petri dish + steel wool
(before buming)

Fnitial mass of steel wool

Mass of Petri dish + steel wool
(after burning)

Final mass of steel wool

Did a chemical reaction take place? What is your evidence?

1

Figure 3: Conservation of Mass Module
(see Supplemental Files 4-6 for corresponding complete notebooks). On Day 1, after observing the burning marshmallow
activity, students are provided steel wool and asked to formulate and justify a hypothesis on whether the steel wool will
gain or lose mass, or remain unchanged after being ignited. Students are asked to mix baking soda and vinegar together
on Day 3 of the Conservation of Mass module. Students will be tasked with constructing a closed system around this
reaction on Days 4 and 5.

The organization of the two 7-th grade modules that make up the study (Best Bread and Conservation of Mass) are
representative of other secondary modules (e.g., the 8th grade modules Waves and Germs). The Best Bread module aims
to cover Next Generation Science Standards, MS-LS1-5 and MS-LS1-1 [22]. MS-LS-5 covers the construction of scientific
explanations based on evidence for how environmental and genetic factors influence the growth of organisms. In
particular, it asks students to construct a scientific explanation based on evidence obtained from (among other sources)
their own experiments. MS-LS-1 performance expectations ask students to investigate to provide evidence that living
things are made of cells. MS-LS1 and 5 cover cellular respiration as well as understanding how environmental changes
may affect an organism’s ability to function. The module introduces students to the concept of cellular respiration and
has them change environmental variables in a flask containing yeast, sugar, and water (Figures 2A- 2E). Students record
quantitative results by measuring the amount of gas produced via water displacement. Students participating in this
module learn the fundamentals of experimental design, which include forming a hypothesis as well as only changing one
variable at a time (Figure 2A, 2E). The second module, Conservation of Mass, addresses NGSS MS-PS1-5 “Matter and
its Interactions”. It introduces students to a series of reactions that explore whether mass is lost, gained, or conserved
during various physical changes and chemical reactions. Students ultimately are taught the concept of open and closed
systems, and are asked to design a closed system where a baking soda and vinegar reaction takes place without any loss
of mass (Conservation of Mass Notebooks available as Supplemental Files 4-6). Both modules encourage students to
explore the interactions of changing variables and the value of experiments that either don’t lead to a logical conclusion
or disagree with a student’s expected outcome; small group discussions, led by the university volunteers are used to
emphasize the importance of multiple trials.

Due to scheduling constraints, SciTrek runs the modules either on Tuesday and Thursday or Monday, Wednesday and
Fridays for six days. Teachers are provided “off day” activities focused on improving the subjects covered during the
module such as graphing and mathematics if they choose to use them. To fit into the 7th grade curriculum, the Best
Bread module is run in the fall and the Conservation of Mass module is run in the winter/spring. As in all SciTrek modules,
students are provided equipment and workbooks to complete their activities and record data during each module.
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The day-to-day activities for the Best Bread module (Figure 1) and for the Conservation of Mass Module (Supplemental
Files 6,7) highlight diverse formats used in these and other modules. These include presentations by a “lead” (classroom
Teacher, or a SRG member). More often, the activities occur at one table composed of four-six 7th grade students and
one university volunteer. The students are guided by the volunteer at their table or the lead. Each student has their own
notebook which has questions they need to answer related to the activities they either observe or carry out themselves.
The volunteers are trained to be a resource for the students [48, 49]. Groups of students are frequently asked to report
to the entire class as to their results, or answers to questions posed in their workbooks (Figure 1). At the end of the
module, each student group summarizes their results by creating a poster that highlights their hypothesis and includes
relevant graphs, tables, and a conclusion. The presentation to the class involves questions and response from the entire
class of the presenting group.

Assessments (See Supplemental File 8)

The goal of the assessments is to test students’ understanding of critical thinking concepts stressed by the SciTrek 7th
grade module curriculum—Experimental Design, Observation/Inference, and Testable Questions, within the context of
the activities covered during the modules. While each of these concepts has multiple components, for the purpose of
these two 7th grade modules Experimental design focused on experimental error analysis, and observation/inference
focused on the distinction between simple observations and making logical conclusions from evidence. Testable questions
focus on differentiating between what can or cannot be addressed by collecting evidence. The assessment design also
coincides with the Three-Dimensional Learning concepts promoted in the Next Generation Science Standards [22].

The data collected in this study comes from assessments administered in the 2018-2019 7th grade academic school year
between two participating teachers at Santa Barbara Junior High School in Santa Barbara, California. The teachers both
have over fifteen years’ experience in teaching the 7th grade. The assessments consisted of seven questions, some with
multiple parts, worth a total of 15 points. Two questions were not counted due to technical issues, resulting in a total of
13 points possible. Students were provided 10 minutes to complete the assessment and were informed that their score
will not affect their academic grade. The same assessment was distributed twice during the school year, once prior to
attending any SciTrek modules, and once after both modules have been completed.

The assessments were individually coded and graded separately by SRG members who had no knowledge of the student
identity, whether the assessment was a pre- or post-module assessment, and if the student was in an Honors or College
Prep class. The final scores for each question and sub-question (4a, 4b, etc) were recorded and the average pre and
post assessment scores for each question were generated. The odds ratio, 95% confidence intervals, and p-values were
generated by McNemar’s test, using the function mcnemar.exact in R package exact 2x2. The results and analysis from
each individual question are provided in Table 2.

Results

Our study involved two experienced 7th grade teachers at Santa Barbara Junior High School, both of whom had
participated with SciTrek previously. The Santa Barbara Junior High School student demographics are representative of
schools in the Santa Barbara School District, with two thirds of the students being socio-economically disadvantaged,
and nearly 70% minority. Students are placed in College Preparatory (CP) or Honors (H) classrooms by the school based
on teachers’ recommendations and reassessed during the school year by the teacher. The SciTrek program was run
the same way in CP and H classrooms. The distribution of College Preparatory and Honors students between the two
teachers is summarized in Table I.

Teacher Teacher # 1 Teacher # 2
Total Students 110 96
Total in College Preparation 55 29
Total in Honors 55 67

Table 1: Summary Table of Participants in this Study
Data includes the number of assessed students. Assignment of students is done by the school and guided by performance
relative to others in the class at the discretion of the teacher.

Questions | Pre correct | Postcorrect | oddsratios | 95% confidence p-values
probability | probability intervals
la 0.44 0.57 4.88 (2.10,13.36) <0.0001
1b 0.46 0.54 2.13 (1.12,4.24) 0.0186
2 0.55 0.81 5.57 (2.95,11.50) <0.0001
3 0.53 0.89 13.17 (5.79, 36.96) <0.0001
4a 091 0.97 3.20 (1.12,11.17) 0.0266
4b 0.70 0.82 2.33 (1.31,4.31) 0.0027
4d 0.75 0.85 2.50 (1.31,5.03) 0.0038
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5a 0.80 0.92 3.18 (1.58, 6.95) 0.0005
5b 0.54 0.77 4.00 (2.29,7.41) <0.0001
5c 0.80 0.89 2.46 (1.26,5.11) 0.0066
5d 0.86 0.90 1.57 (0.77,3.32) 0.2433
6 0.70 0.77 1.66 (0.96,2.92) 0.0815
7 0.54 0.65 1.87 (1.16,3.10) 0.0242

Table 2: Students Show Significant Improvements in all but One Question in all Areas of Science Process
Skills Targeted in these Modules

Each type of question is labeled with their corresponding questions in the table. Experimental design is labeled with
red, observation/inference is labeled with blue, and testable questions are labeled with green. The assessment and
rubric are provided (Supplemental File 7). Odds ratios were determined by comparing the proportion of students who
had answered correctly on the pre-assessment with the proportion of students who had answered correctly on the post
assessment. 95% confidence intervals and p values were calculated based on the exact McNemar's test. Note, questions
4C and 5E were removed from the study due to technical problems.
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Figure 4: College Prep (Cp) Students show Greater Improvements in the Scitrek Critical Thinking
Assessment Compared to Honors (H) Students

Values are derived from the mean of student performance, with bolded lines representing median values; the assessments
had a total of 13 points possible. 1st and 3rd quartiles are represented by the extent of the colored boxes. The horizontal
lines at the extreme ends of the plot represent the range of the sample, while the isolated circles represent outliers,
determined by multiplying the Interquartile Range (IQR) by 1.5 above or below the 3rd and 1st Quartile, respectively.
Median improvements were observed in post assessment scores compared to pre-assessment scores for both CP and H
students, with greater median improvement in CP students compared to H students.

Figure 4 shows that students in both CP and H classrooms improved significantly on the post assessment compared
to the pre-assessment. CP students improved 36% in overall performance while H students also improved, albeit only
12.8% (Figure 4). However, this trend is not reflected with both Teacher 1 and Teacher 2 students (Figure 5 and Tables

2,3).
Questions Post Pre Mean % 95% confidence | p-values
mean | mean | difference | improvement intervals
scores | scores | (post-pre)
All 10.35 8.59 1.76 20.5 (1.43,2.09) <0.0001
All-Honors (H) 10.89 9.66 1.23 12.77 (0.92,1.54) <0.0001
All-College Prep (CP) 9.57 7.04 2.53 35.96 (1.89,3.17) <0.0001
All-Teacher 1 8.60 7.61 0.99 13.07 (0.53,1.46) <0.0001
All-Teacher 2 11.88 9.45 2.43 25.75 (2.01, 2.86) <0.0001
Teacher 1 H 12.1 10.83 1.27 11.76 (0.84,1.71) <0.0001
Teacher 1 CP 11.65 8.06 3.59 4453 (2.99, 4.19) <0.0001
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Teacher 2 H 9.90 8.70 1.20 12.13 (0.75,1.65) <0.0001
Teacher 2 CP 5.60 5.09 0.52 10.17 (-0.67,1.70) 0.3784
Experiment Design 2.54 2.14 0.40 18.62 (0.24, 0.56) <0.0001
Distinguishing 4.25 3.70 0.55 14.95 (0.36,0.75) <0.0001
observations from

inferences

Identifying testable 2.64 2.37 0.27 11.47 (0.15, 0.40) 0.0003
questions

Table 3: Students in Cp Classrooms Improved More than those in Honors Classrooms, and all Students
Show Significant Improvements in Experimental Design, Distinguishing Between Observations and
Inferences, and Identifying Testable Questions

Average scores of post and pretests, and differences between post and pre-scores with 95% confidence intervals. The
percentage of improvements over the pre-scores are also shown.

In fact, CP students with Teacher 2 showed smaller improvements (10.17%) than the H students (12.13%). This
contrasts with the students in the classroom of Teacher 1, which showed 44.53% (CP) and 11.76% (H) improvements.
The similar improvements with both teachers in the five H classrooms suggest this level of improvement is a reliable
representation of what can be expected. In contrast, the CP students show much higher variability and teacher (or
classroom)-dependent variation in performance. Regardless, the data in Figures 4 and 5 provide compelling data
showing significant improvement in student understanding of the critical thinking parameters (experimental design,
distinguishing between observations and inference, and identifying testable questions, Figures 5 and 6). Moreover,
Figure 5 clearly shows that students of both teachers improved.
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Figure 5: Students Show Improvements in the SciTrek Critical Thinking Assessment Independent of
Instructor

Values are derived from the mean of student performance, with bolded lines representing median values; the assessment
had a total of 13 points. 1st and 3rd quartiles are represented by the extent of the colored boxes. The horizontal lines at
the extreme ends of the plot represent the range of the sample, while the isolated circles represent outliers, determined
by multiplying the Interquartile Range (IQR) by 1.5 above or below the 3rd and 1st Quartile, respectively. The classes
of the two teachers who participated in this study both showed statistically significant improvement in post assessment
scores compared to pre-assessment scores.
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Figure 6: Overall Improvements in SciTrek Critical Thinking Assessment Specific to Instructor and College
Prep (CP) and Honors (H) Standing

Values are derived from the mean of student performance, with bolded lines representing median values (total points
possible on the assessment is 13). 1st and 3rd quartiles are represented by the extent of the colored boxes. The
horizontal lines at the extreme ends of the plot represent the range of the sample, while the isolated circles represent
outliers, determined by 1.5 * Interquartile Range (IQR) above or below the 3rd and 1st Quartile, respectively. Median
improvements were observed in all post assessment scores among CP and H students separated by teacher. Only one
category, Teacher 2 CP observed a 3rd quartile post-pre-assessment score <0.

Figure 6 shows that the high variability of student performance (CP, Figure 4) is observed with both teachers. And,
that the lower variability for H students (Figure 4) is reflected in the performance of these students with both teachers.
Importantly the latter reflect data from five classrooms (122 students). Clearly, the high variability (Figure 6) and very
different improvements between teachers (T1, 3.59 out of 13, T2, 0.52 out of 13, Table 3) implicate teacher and student
composition parameters. Interestingly, the pre-module performance of the students in T2 (CP, 5.09 mean, Figure 6) is
by far the lowest mean of all groups, including the pre-module performance of students in T1 (CP, 8.06 mean, Figure
6). This may suggest variations in the ability of students in the CP classrooms which we are not aware of that impact
both the initial performance, as well as potential for improvement resulting from participating in the SciTrek program.

Table 2 provides details about student performance on individual questions (Supplemental file 7) and the three critical
thinking parameters which the two modules focus on (Experimental design, observation/inference, and testable
questions). Questions 1a and b, 2, 6, and 7 are focused on experimental design, questions 3, 5A-D (5E was removed
due to problems with question design) are focused on observations versus inference, and questions 4A, B and D are
focused on testable questions (note, 4C was removed for technical reasons). With the exception of questions 5D and 6,
all improvements are statistically significant. Questions 1 and 6 address a common problem for students, that in spite
of being told about controls and limiting the number of changing variables, in practice they often do not display such
understanding. Question 1 asks students to identify a poorly designed experiment and to redesign this to improve it.
Question 2 asks students to determine which of two experimental outcomes is better; one has much greater variability
than the other. The concepts of accuracy and precision, so core to science, are challenging to convey to students without
relying on statistical analysis. Encouragingly, students improved dramatically on this question (mean pre-score of 0.55
and post score of 0.81 out of a possible score of 1), showing that this concept can be addressed without complex
analysis. The design aspects of question 7 (picking the best basketball players), while somewhat open ended, asks
students to first determine the flaw in the proposed method, followed by the more open ended second part, to propose
an improved approach. Again, the overall mean improvement of 11% is significant.

The distinction between observations, inferences and opinions is important for students to understand, whether presented
in the context of a SciTrek science module, or more broadly. Questions 3 and 5A-D address this, and with the exception
of question 5D, student performance improved significantly on these questions. Question 3, which showed a very large
improvement of 68% (Table 2), asks students to determine what types of procedural problems could lead to a flawed
experimental result. In the context of the SciTrek program, improving students’ ability to identify a flawed experimental
design is arguably more important and perhaps teachable than being able to design an appropriate experiment. The
latter requires both understanding as well as the imagination to create the needed experiment, whereas the former
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simply requires an understanding of the correct practices.

It is important for students to appreciate that not all questions can be addressed simply by collecting data, a concept
referred to in SciTrek documents as “testable questions” [60]. Question 4 (parts A, B and D) tries to address this by
posing various situations ranging from opinions (A, preferred color) to a quantifiable question (D, are you above average
in height)? The improvements for this topic, although statistically significant (Table 2) are relatively small, ranging
from 8.8% (4A) to 17% (4D). This topic is inherently subtle, perhaps even subjective. However, understanding what
is testable is clearly linked to envisioning how something could be tested. Thus, while a challenge to devise suitable
questions for this topic, we remain committed to both improving the module activities focused on this, as well as the
assessments that measure how students perform.

Discussion

Critical thinking in the context of science practices, which is the focus of our study, can be challenging to teach as well
as to assess [8,14,34,37-39,46]. Even the idea of a validated means to assess critical thinking has generated diverse
opinions [61]. Similarly, how to best teach such skills remains unclear [8,14,34,37-39,46]. The SciTrek 7th grade
program described here attempts to address both of these, but is clearly a work in progress. Notably, there was no
attempt to “teach to the test” for these skills, so improvements in our assessments of these skills should reflect real
changes. The value of this program to teach the content covered by these two modules was not assessed in our study.

As importantly, it is challenging (unresolved) to identify which features of this study are responsible for the observed
improvements in critical thinking as applied to science practices. Thus, is the involvement of small groups led by
university students over the ten to sixteen hours of in class activities most important? The other features, namely the
7th grade students’ active engagement in developing their own questions and experimental design, or the arguing from
evidence, would seem to be a less distinctive feature since many programs of varying levels of inquiry emphasis, make
use of such activities. Similarly, one could argue that it is the distinctive features of the module activities themselves
that play an important role. This study cannot evaluate which part of the SciTrek approach is most important, which is
the subject of ongoing studies in our program.

Overall, the results are very encouraging, showing significant improvements in the three critical thinking parameters.
Improvements in experimental design, observation/inference, and testable questions are observed and in all cases
the improvement is supported by more than one question in the assessment. Rather than developing lesson plans
that attempt to directly teach the students the critical thinking skills, the SciTrek program relies heavily on repeatedly
showing students examples and encouraging discussions on those topics. For example, for the Best Bread module,
students are presented at the start with the “big question” to be investigated, “"How can we maximize the amount of
carbon dioxide produced by yeast”? Students discuss alternatives to this question which may or may not be testable.
Students are reminded throughout the module how their efforts relate to this testable question [46].

Observations of the 7th grade students involved in this study suggests that the active, guided participation of these
students in carrying out experiments, many of which fail to generate a definitive conclusion, is important to their
understanding of what is often presented as the “scientific method”. While this anecdotal information is not as compelling
as the statistical evidence provided in this study, the frequent comments from these students such as "I learned that
failure can be helpful” will hopefully have longer term consequences than simply memorizing the scientific method.

Students’ ability to identify what can be addressed through experimentation (Testable Question, Questions 4A, B and
D, Table II) is a foundational feature of science investigations [60]. For example, a long-term goal of the entire SciTrek
program is to improve the understanding of K-12 students’ of when a study of any kind is done well (NGSS, MS-LS-1,
5). Significant improvement in all three questions is thus encouraging. Similarly, experimental design (Questions 1A, 1B,
2, 6 and 7) naturally follows from understanding if a question can be addressed experimentally. The ability of students
to both judge an experimental design, and to propose a design, feature prominently in many aspects of NGSS literature
(e.g., MS-LS-1, MS-LS-1, and MS PS-5). Students showed significant improvements in four of the five questions covering
this topic. The third parameter covered in the assessment, distinguishing between observations and inferences, while
challenging for students, is clearly an essential aspect of doing science. Five questions covered this topic (3, 5A-D), and
all but 5D showed significant improvements.

While encouraging, our results leave many unanswered questions. The scope of the program was developed in
consultation with participating teachers, which was important in the decision to have two modules per grade level,
which is currently done in all participating classrooms throughout the SciTrek program. The in-class format, relying on
five to eight hours per module is a compromise between the teachers’ curriculum plans, the time needed for 7th grade
students to carry out multiple rounds of experimentation along with demonstrations to initiate each module, and the
recruitment and training of university students (ranging from four to six per classroom, or 300-500 per year for the
entire program). Certainly, a critical part of this was whether students’ understanding of the critical thinking concepts
can be changed with this format and level of engagement. A primary focus of this study was to address this latter point.
Ongoing efforts are focused on determining the impact of student participation in multiple years of the SciTrek program,
on critical thinking performance, as well as choices these students make regarding continuing in STEM courses in their
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secondary education.

Of primary interest is whether the SciTrek approach provides a practical and cost-effective means to impact science
education beyond the program at the University of California at Santa Barbara, a concern raised in the introduction
regarding many effective programs. The engagement of university students is an important feature of the program, and
we are currently working with schools and colleges/universities in regions (counties) outside of Santa Barbara County
to determine if the program can work “at a distance”. This was in part motivated by the ongoing Covid19 epidemic, but
this too remains of keen interest.

Room for Improvement

The involvement of control groups (students not participating in SciTrek) is important for future studies, but can be
challenging as many schools do not provide such an opportunity; using students in other schools in the district is
possible, but has its own challenges. The development of assessments that are better aligned with the content and
activities of the modules is also challenging; for example, the performance of students in the pre-module assessments
on questions 4A, 5C and 5D are 80% or higher, making it problematic to identify improvements in the post-module
assessments (Table 2). Another area requiring further work is to remove or minimize issues related to language, both
in the running of the module (written notebooks, instructions from those running the module etc.), as well as in the
assessments.

Ethics Statement
The UCSB IRB has authorized this study in accordance with the UC guidelines.

Informed Consent
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