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ABSTRACT
The study of the Nature of Science (NOS) refers to the techniques and principles
that are distinctive to scientific processes. Teaching students these techniques and
principles are an essential part of helping students become productive global citizens,
who can use scientific knowledge to make informed decisions. In this investigation,
students analyzed historical primary source documents related to the area of instruction,
followed by explicit reflection on elements of the Nature of Science understandings from
the Next Generation Science Standards. The purpose of the study was to see if explicit
reflection would increase student proficiency along the nature of science progression. The
analysis and reflection was completed over a period of 14 weeks during the study of
genetics and evolution. During this period, students analyzed primary sources and
completed Primary Source Analysis Tools, answered questions explicitly related to the
elements of the Nature of Science understandings, and engaged in classroom discussion.
Data was collected through pre- and post- treatment interviews, Likert Scales, Primary
Source Analysis Tools, and student written responses to questions. Results showed that
using explicit reflection on nature of science understandings during the analysis of
primary sources resulted in significant gains in student comprehension for several Nature
of Science Understandings. There were more gains made in understandings closely
related to the Crosscutting Concepts than there were in understandings related to the
Science and Engineering Practices. This classroom research reinforces the importance of
explicit reflection on the NOS understandings to show growth.
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INTRODUCTION AND BACKGROUND
I have been teaching within the East Windsor Regional School District in New
Jersey for six years. East Windsor Regional School District incorporates the township of
East Windsor, Borough of Hightstown, and Roosevelt Borough for students grade seven
and above (Katz, n.d.). My last five years have been spent at Melvin H. Kreps Middle
School teaching eighth grade integrated science. This past year was my first year teaching
biology at Hightstown High School (HHS), within the same district. HHS is an extremely
diverse school. There are 1,613 students enrolled in the school this year; about 31% of
them are economically disadvantaged, approximately six percent of students are English
Language Learners, and 42% of students primarily speak a language other than English at
home. Thirty-six percent of the population is white, 11% of the population is black, 33%
Hispanic, 18% of the population is Asian, and approximately one percent of the students
are multiracial. There is a strong correlation between race and socioeconomic status, with
79% of economically disadvantaged students being black or Hispanic
(https://unify.performancematters.com/, retrieved December 4, 2017). The school makes
a huge effort to be inclusive and to develop opportunities for all students to be engaged
and create lasting ties with the school community. HHS offers 60 extracurricular
activities and 26 sports at the junior varsity and varsity level (Vinson, n.d.)
Classes at HHS are differentiated into honors, academic, and standard level
courses, and students are placed in each level based on instructional reading level,
performance in previous classes, and teacher recommendation. This past year, I taught six
classes with a total of 125 students. This study focuses on the 69 students enrolled in my
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three honors level classes. Biology is typically a tenth grade course, but there are 23 ninth
grade students enrolled in my honors biology classes. These students completed the
advanced science program in the middle school, in which they took the freshman level
physical and earth science course a year early, allowing them to take biology as
freshman. The demographic of my honors level classes varies from the demographic of
the school. In the study sample, 43% of the students are Caucasian, 38% Asian, 7%
African American, and 10% Hispanic. Though 31% of students in the school are
economically disadvantaged, only 10% of students in my honors classes are economically
disadvantaged (https://unify.performancematters.com/, retrieved December 4, 2017).
In the summer of 2015 I had the opportunity to attend the Teaching with Primary
Sources Summer Teacher Institute with a focus on STEM education at the Library of
Congress in Washington, D.C. When I registered for the summer program, I had very
little experience using historical primary sources from a teacher’s perspective and was
not sure how they fit into a science classroom. Through the weeklong institute, I became
immersed in the ideas of using primary sources as a method to unpack the prior
knowledge of students at the beginning of a unit, to use them as an anchoring
phenomenon for a unit, or as a method to learn the history of a scientific theory.
Since that time, I feel that I have had great success in the incorporation of primary
sources in my classroom. I have used primary source manuscripts of various scientists’
notebooks to introduce the importance of detailed skills in scientific note-taking and
images of historical models of the solar system to study the differences between
geocentric and heliocentric models. I have found that students are typically familiar with
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the use of primary sources from their social studies classes, but have never before used
primary sources in their science classroom. I have noticed that students tend to be
engaged in the practice of observing the documents and developing questions based on
the observations they make.
Over the last two years, I have also become very involved in the implementation
of the Next Generation Science Standards (NGSS). I applied for and became a member of
the Educators Evaluating the Quality of Instructional Products (EQuIP) Peer Review
Panel for Science by Achieve in the fall of 2016. In this role I work with a team of
educators to review materials that are free and publicly available or submitted by the
writer and evaluate the alignment with NGSS based on the EQuIP rubric. I have also
joined the National Science Teachers Association (NSTA) as a professional learning
facilitator within NGSS@NSTA, providing workshops on NGSS implementation to
districts and at national and area NSTA conferences. In these two roles I have become
deeply aware of the various aspects of three-dimensionality within NGSS. One aspect of
NGSS that I feel is often overlooked is the incorporation of the eight understandings of
the nature of science. As I have become more familiar with the NGSS in my instruction, I
have begun to question how I could better incorporate these nature of science
understandings into my instruction. My interest in the use of primary sources and my
increased understanding of NGSS has led to the creation of my focus question: How does
explicit reflection on the Nature of Science (NOS) principles as a part of the analysis of
primary source documents, including images, photographs, and technical manuscripts,
affect student understanding of the grade banded elements of NOS as outlined in NGSS?
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CONCEPTUAL FRAMEWORK
Science and engineering have been important aspects of human culture that have
driven discovery and improved people’s lives for centuries. Many challenges that face
humanity today and in the near future, such as those related to the environment and
human health issues, will require solutions that can be greatly benefited by a deep
understanding of the underlying scientific and engineering concepts. A Framework for K12 Science Education (2012), outlines a way in which students use science and
engineering practices and crosscutting concepts to deepen their understanding of core
ideas in an effort to outline the scope of science education necessary to produce well
educated American citizens. An educated citizen must be able to use their understanding
of science and engineering to engage in public policy issues and to make everyday
personal decisions, such as those related to health care (National Research Council,
2012).
An essential part of K-12 science education extends beyond the practical
application of science, into an understanding of the nature of science. While there is no
universal agreement about teaching the nature of science, understanding how science has
been instrumental in extending and transforming humanity’s knowledge and
understanding of the natural world is an essential part of science education (National
Research Council, 2012). When speaking about the nature of science, one is generally
referring to the techniques and principles characteristic of scientific processes or the
epistemology of science. There is a general level of understanding regarding the nature of
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science (NOS) that is both accessible and relevant to K-12 students (Lederman,
Lederman, & Antink, 2013).
As students develop the science and engineering practices, they should also have
the opportunity to reflect on how these practices contribute to the accumulation of
scientific knowledge (National Research Council, 2012). Appendix H of the Next
Generation Science Standards (NGSS) outlines eight understandings around the nature of
science (Appendix H found at https://www.nextgenscience.org/resources/ngssappendices). The understandings are


Scientific investigations use a variety of methods



Scientific knowledge is based on empirical evidence



Scientific knowledge is open to revision in light of new evidence



Scientific models, laws, mechanisms, and theories explain natural
phenomena



Science is a way of knowing



Scientific knowledge assumes an order and consistency in natural systems



Science is a human endeavor



Science addresses questions about the natural and material world

Each of these understandings is broken down into specific elements for each
grade band, and learning outcomes are expressed in the performance expectations (NGSS
Lead States, 2013). The first four understandings are closely aligned with the Science and
Engineering Practices (SEPs), while the final four are aligned with the Crosscutting
Concepts (CCCs). In the NGSS, the SEPs and the CCCs hold equal weight in instruction
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as the content, or disciplinary core ideas. The SEPs are a set of eight practices that
students should build upon as they progress through school. The development of these
practices and the acquisition of the associated skills helps students understand how
scientific knowledge develops and that science is not a universal set of procedures
(National Research Council, 2012). The Crosscutting concepts are a series of seven
conceptual understandings that students can use as a framework to develop an
understanding of content. The CCCs are powerful because they give students the
intellectual tools to build their understanding of core ideas that can be used across
disciplinary contents and can help students build a scientifically based view of the world
(National Research Council, 2012).
There have been two general approaches throughout the years that have been
advocated as a method to increase student understanding of the nature of science. The
first is an implicit approach to understanding the nature of science, which concludes that
by completing scientific processes students will inherently gain an understanding of the
nature of science. The second approach is an explicit method in which students reflect on
specific aspects of scientific thinking. Lederman et al. (2013) argue that in order to
provide students with a practical understanding of the nature of science, teachers should
use an explicit reflective approach in which the aspects of the nature of science are
pointed out to students at the conclusion of any activity. A Framework for K-12 Science
Education (2012) also emphasizes the importance of students reflecting on how the
practices relate to the nature of science.
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One way in which the nature of science can be taught explicitly is by using
examples from the history of science. In using such examples, students are provided with
the opportunity to understand the nature of science through the context of practices and
crosscutting concepts that are consistent in historical and contemporary examples of
discovery (NGSS Lead States, 2013). In using examples from the history of science to
teach the nature of science, it is still imperative that explicit reflection on the aspects of
the nature of science within the historical example is a part of the instruction. A history of
science class alone does little to change one’s understanding of the nature of science
(Abd-El-Kahlick & Lederman, 2000).
Wang and Marsh (2002) outlined a conceptual framework for the inclusion of the
history of science in science curriculum. In this framework, they identified three main
reasons to include the history of science within science curriculum: to teach conceptual
understanding, procedural understandings, or contextual understanding. Historical
elements emphasize the tentative nature of scientific knowledge, describe the process of
investigating and reporting, and describe the human aspect of science, in which societal
factors influence scientific discovery. These sub elements within the three realms mirror
the understandings of the nature of science outlined in the NGSS. It is also noted that
teachers in all grade levels feel they have the most success in giving students contextual
understandings of science through the use of historical elements (Wang and Marsh,
2002).
In discussing the use of historical elements in science education, it is perhaps best
to consult history educators on the best methods to incorporate such elements. Ankeny,
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Frankel, and Whisner (2004) say, “If asked, every history-social science teacher… would
undoubtedly speak to the importance of using primary sources in the classroom” (p. 12).
The Library of Congress defines primary sources as objects or artifacts that were created
at a specific point in time. They differ from secondary sources, which have been created
to interpret or analyze the evidence presented in primary sources. Primary sources were
created through the process of discovery and not to study that discovery at a later date
(Stripling, 2014).
The benefits of using primary sources has been evidenced in history classes for
many years, but the benefit to using these historical documents in all classes is becoming
increasingly prominent as educators integrate critical thinking and literacy skills across
all areas of curriculum (Stripling, 2014). The analysis of primary sources drives student
inquiry through their nature. When examining primary sources, student use critical
thinking skills to analyze and evaluate the information they are presented, to draw
conclusions, and to think conceptually about the piece of information they are provided.
Primary sources also engage students emotionally and personally in their study, since
they give students an opportunity to connect with the people who produced the original
sources (Stripling, 2009).
However, primary sources can be difficult for students of middle school age or
younger to understand and read (Ankeney, Frankel, & Whisner, 2004; Kafai & GillilandSwetlad, 2001). Appropriate scaffolding and supports must be provided to students in
order for them to truly learn from the source. This can include the dissection of the
historical document into more manageable parts, the use of a specific analysis strategy, or
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the use of a graphic organizer (Ankeney et al., 2004). It is also important that students
have the appropriate background knowledge necessary to engage in and analyze the
primary source presented to them. Historians use primary sources to enhance knowledge
of events and eras, and therefore primary sources in instruction should be used as an
enhancement of other material students are gaining through instruction (Nava &
Schmidtberger, 2011).
There is not much empirical evidence to support the use of primary sources as a
way to include historical elements in the science classroom for the purpose of explicitly
teaching the nature of science. However, when teachers have used historical stories to
generate discussion and interest in science content, followed by explicit reflection on the
work of the scientists, students have made important insights related to how science
works, or the nature of science (Kruze & Borzo, 2010). It is also easy to draw parallels
between the expected outcomes of primary sources used in a history-social science
curriculum, which states students should be using historical evidence, such as primary
sources, in order to evaluate the idea of change and continuity over time (National
Council for the Social Studies, 2013), and the understandings of the nature of science in a
K-12 science curriculum, as outlined by NGSS Lead States (2013).
METHODOLOGY
This study followed the effect of explicit reflection on the Nature of Science
(NOS) understandings outlined in Appendix H of NGSS during the analysis of primary
sources on student grade band progression (NGSS Lead States, 2013). The treatment was
administered to 64 students in my honors level biology classes at Hightstown High
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School through the units of genetics and evolution. The research methodology for this
project received an exemption by Montana State University’s Institutional Review Board
and compliance for working with human subjects was maintained (Appendix A).
Prior to beginning the treatment a Nature of Science Progression Likert Scale was
administered to students (Appendix B). The survey was divided into eight categories that
align to the eight understandings of NOS. Within each of these categories, statements
were divided based on middle school and high school grade band elements, or the
specific aspects of the understandings students should have by the end of eighth grade
and twelfth grade. Likert scale responses were coded with a numerical value for data
analysis purposes. The responses were coded as 1 representing strongly disagree, 2
representing disagree, 3 representing agree, and 4 representing strongly agree. The results
were then analyzed based on mean and mode to identify patterns of student
understanding. The percentage of students selecting each response was also used to
identify trends. This data was used to create a baseline of student understanding of the
elements of the NOS and identify where along the NOS progression student fell.
Students of varying reading instructional levels were selected to complete the
Nature of Science Interview prior to treatment (Appendix C). Each question related to a
NOS understanding; students were asked how much they agree with a statement and if
they have seen any evidence of this in a science class before. The pre-treatment interview
was used as qualitative evidence to reinforce student placement along the progression of
NOS understanding.
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To begin the treatment, students were introduced to the Primary Source Analysis
Tool (Appendix D). As a class, we reviewed what each column of the tool represented,
and then examined the original sketch of DNA Double Helix by Francis Crick (Crick,
1953) and Photograph 51 by Rosalind Franklin (Franklin & Gosling, 1953). This activity
occurred at the beginning of the unit on genetics, before students were introduced to any
information on DNA structure or function. Students first worked independently to fill out
their analysis tool, then in partners to answer explicit NOS prompts. The primary source
images, Primary Source Analysis Tool, and explicit NOS prompts were all embedded
into one document for the treatment (Appendix E). After students completed their
analysis and related questions, we had a full class discussion that focused on evidence of
Science and Engineering Practices, Cross Cutting Concepts, and Nature of Science
understandings within the primary source, based on student responses to written prompts.
Each treatment followed the same format, with students working first independently, then
in partners or small groups, followed by full class discussion. Treatment two (Appendix
F) explored the advances in DNA technology, and was completed near the end of the unit
on genetics. The final treatment (Appendix G) was completed at the beginning of the
evolution unit, and explored past understanding of how diseases spread.
Student Primary Source Analysis Tools were collected and used as a source of
data for the study after each treatment. The Primary Source Analysis Count (Appendix H)
was completed after each student analysis of a primary source. For each primary source
analysis, I kept track of student comments that related to each of the Science and
Engineering Practices (SEPs) and each of the Crosscutting Concepts (CCCs). I also kept
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count of how many comments related to the elements of the SEPs and CCCs within the
nine through twelve grade band. The number of comments relating to each were tallied
and percentage of student responses were used to analyze how well students connected
primary sources to the NOS understandings that correlate to the SEPs and CCCs.
Percentages of students responses at the beginning of the treatment were compared to
percentages of student responses at the end of treatment to look for growth in student
understanding. Student written responses to the explicit NOS connection prompts within
each treatment were used as qualitative evidence to support patterns found in quantitative
data.
After the treatment was completed, the students once again completed the Nature
of Science Progression Likert Scale (Appendix B). The results were analyzed based on
mean and mode and percentages of student responses to identify patterns of student
proficiency within the understandings. This data was compared to the baseline data
collected after the first administration of this survey to determine growth in student
progression along the grade banded elements of the NOS understandings.
After treatment I randomly selected students to complete the Nature of Science
Interview (Appendix C). Each interview question focused on student understanding of the
NOS elements and how students experienced that through the treatment. These data
collection methods have been triangulated to ensure that there is enough evidence to
support my focus question (Table 1).
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Table 1
Data Triangulation Matrix
Focus Question
Data Source 1
How does
Pre- and postexplicit reflection treatment
on the Nature of Nature of
Science (NOS)
Science
principles as a
Progression
part of the
Likert Scale
analysis of
primary source
documents affect
student
understanding of
the grade banded
elements of NOS
as outlined in
NGSS?

Data Source 2
Pre- and posttreatment
Nature of
Science
Interviews

Data Source 3
Primary
Source
Analysis
Count

Data Source 4
Student
written
responses to
explicit NOS
connection
prompts within
each treatment

DATA AND ANALYSIS
The Nature of Science Progression Likert Scale showed that, prior to treatment,
83% of students tended to agree with understandings of the Nature of Science (NOS)
closely related to the Science and Engineering Practices (SEPs), and 80% of students
tended to agree with understandings of the NOS closely related to the Crosscutting
Concepts (CCCs) across all grade bands (N=64). After treatment, 95% of students tended
to agree with the understandings associated with the SEPs, and 91% of students tended to
agree with the understandings associated with the CCCs across all grade bands. For
students who tended to agree, responses averaged to greater than or equal to three for all
questions in that portion of the Likert Scale. Prior to treatment, the central tendency, or
average response score for all students, was 3.23 for both the understandings related to
the SEPs and the CCCs. For both categories, the central tendency was higher for the
elements in the middle school grade band than the high school grade band, though there
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was greater growth in the central tendencies of understandings related to the CCCs (Table
2). After treatment, the central tendencies of all understandings in all grade bands showed
growth (Figure 1).The results of this study indicate that the explicit reflection on NOS
elements during the analysis of historical primary sources increases student progression
in the NOS understandings.
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Table 2
Central Tendencies of NOS Understandings Pre and Post Treatment
Understandings Associated with SEPs
Scientific
Scientific
Scientific
Models, Laws,
Scientific
Knowledge is
Knowledge is
Mechanisms,
Investigations
Open to
Based on
and Theories
Use a Variety
Revision in
Empirical
Explain
of Methods
Light of New
Evidence
Natural
Evidence
Phenomena
6-8
3.37
3.25
3.53
2.92
Pre
6-8
3.43
3.29
3.66
3.19
Post
9-12
3.41
3.34
3.22
2.85
Pre
9-12
3.52
3.47
3.36
2.98
Post
Understandings Associated with CCCs
Scientific
Science
Knowledge
Science is a
Science is a
Addresses
Assumes an
Way of
Human
Questions
Order and
Knowing
Endeavor
about the
Consistency in
Natural and
Natural
Material World
Systems
6-8
3.44
3.41
3.53
2.98
Pre
6-8
3.58
3.49
3.69
3.07
Post
9-12
3.29
3.06
3.02
3.13
Pre
9-12
3.47
3.20
3.25
3.33
Post

Average
3.26
3.39
3.20
3.33

Average
3.34
3.46
3.13
3.31
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Scientific Models, Laws, Mechanisms,
and Theories Explain Natural…
Scientific Knowledge is Open to
Revision in Light of New Evidence…
Scientific Knowledge is Based on
Empirical Evidence (SEP)
Scientific Investigations Use a Variety
of Methods (SEP)
Science Addresses Questions about the
Natural and Material World(CCC)
Science is a Human Endeavor (CCC)
Scientific Knowledge Assumes an Order
and Consistency in Natural Systems…
Science is a Way of Knowing (CCC)
2.5
6-8 Pre

6-8 Post

2.7

2.9

9-12 Pre

3.1

3.3

3.5

3.7

3.9

9-12 Post

Figure 1. Bar graph showing central tendency of student proficiency of each
understanding of NOS based on average score of agreement with middle school and high
school elements, pre and post treatment, (N=64).
While all areas showed some growth, within the understandings that are closely
related to the SEPs, there were only two that showed significant growth (p<0.05) when
analyzed with a paired t-test. At the high school level, the central tendency of the
understanding that scientific knowledge is open to revision in light of new evidence was
3.22 prior to treatment, and 3.36 after treatment. Students showed significant growth in
this understanding at the high school grade band, where p=0.03. Each element within this
understanding showed growth in the central tendencies (Figure 2). One element with
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large amounts of growth within this understanding was that an explanation that is
probable, but not certain, can be considered scientific (Figure 3). Prior to treatment, 51%
of students tended to agree with this, while after treatment 70% of students tended to
agree with this. The central tendency raised 0.20 from 2.59 to 2.80. In treatment 1, when
students explored the structure of DNA, students were asked, “At the time of discovery,
were they [Watson and Crick] certain they were correct? Is a probable explanation still
scientific?” One student wrote, “At the time of discovery, it seems that they were not
certain it was 100% correct. However, [their discovery] was still scientific because they
supported their ideas with evidence.” Most students had something similar to this written
in response to this question, and another student wrote, “It was a probable explanation,
which is scientific because all science is probable and can change with new evidence,”
which speaks to her proficiency in this element and the understanding as a whole.
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Scientists may revise an explanation
after discussing their claim and
evidence with other scientists
Scientific argument can be used to
clarify the strength of relationships
between ideas and evidence
Long-lasting scientific explanations
can be changed if old evidence is
interpreted in a new way
Even long-lasting scientific
explanations can be changed if new
evidence arises.
An explanation that is probable, but
not certain, can be considered scientific.
2
Pre Treatment

2.5

3

3.5

4

Post Treatment

Figure 2. Bar graph showing central tendencies of student proficiency of elements in the
9-12 grade band associated with the understanding that “scientific knowledge is open to
revision in light of new evidence” pre and post treatment, (N=64).

Pre Treatment

Post Treatment

Strongly Disagree

Disagree

Agree

Strongly Agree

Figure 3. Diverging stacked bar graph showing student agreement with the statement,
“An explanation that is probable, but not certain, can be considered scientific” prior to
and after treatment, (N=64).
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There was also significant growth in the middle school grade band related to the
understanding that science models, laws, mechanisms, and theories explain natural
phenomena (p=0.0003). Prior to treatment, only 45% of students tended to agree with the
elements associated with this understanding. After treatment 75% of students tended to
agree. The central tendency of this understanding rose 0.27 from 2.92 to 3.19.
Interestingly, the Nature of Science Progression Likert Scale showed no significant
growth in the understanding that “scientific knowledge is based on empirical evidence.”
The central tendency of this understanding at the middle school element increased just
0.04 from 3.25 to 3.29, and increased 0.13 at the high school grade band from 3.34 to
3.47. This understanding was explicitly addressed through classroom discussion, and
evidence of student understanding appears in the student responses to prompts in all three
treatments. For example, in treatment one, one student responded to the question, “What
tools did Watson and Crick use to develop their theory of the structure of DNA?” by
saying, “They used several pieces of evidence to develop their theory, including the base
pair rule, photo 51, and the physical model they created.” In treatments two and three,
many students asked “What was the evidence for this?” in the questioning column of the
Primary Source Analysis Tool. In interviews prior to treatment, when asked “Would you
agree with the statement ‘scientific knowledge is based on empirical evidence’?” one
student said that “Not all science requires evidence, like astrology and some other cases.”
However, after treatment, one interviewee responded to the same question by saying, “I
very much agree with that. All of the understandings we looked at, even when they
changed, were based on the evidence that people had at the time.” These student quotes
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seem to show understanding of the element at the middle school grade band that science
knowledge is based upon logical and conceptual connections between evidence and
explanation, but the central tendency of this element grew only 0.06 from 3.50 to 3.56.
There were five grade band understandings of the Nature of Science that are
closely associated with the Crosscutting Concepts in which students made significant
gains (p<0.05). There was significant growth in both the middle school and high school
grade bands for the understandings “Science is a Way of Knowing” and “Science is a
Human Endeavor,” and in the high school grade band for the understanding, “Science
Addresses Questions About the Natural and Material World.”
Prior to treatment, the central tendencies for the grade band understandings of
“Science is a Way of Knowing” were 3.28 for middle school elements, and 3.42 for high
school elements. These values increased to 3.58 and 3.53, respectively, after treatment.
For the elements at the middle school grade band there was a very small shift in the
percentage of students who tended to agree with the statements before and after
treatment. Ninety four percent of students tended to agree prior to treatment and 97%
tended to agree after treatment. However, there was an increase in the number of students
who selected “strongly agree” instead of “agree” to the each element (Figure 4). During
the student interviews post treatment, when asked if there was anything else they would
like me to know related to the Nature of Science, one student said, “The activities we’ve
done this year have really helped me understand that science isn’t just a bunch of facts,
but also includes how things happen and are studied to get those facts.” This statement
closely relates to the elements at the middle school and high school levels that state
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science is both a body of current knowledge and the processes used to add to that body of

I am aware Many people
of many use scientific
Science is
diverse knowledge in
the processes people that their lives,
and practices
have
not just
Science is a that are used contributed to scientists,
body of
to gain
science
engineers,
knowledge knowledge knowledge
etc.

knowledge.

Pre
Post
Pre
Post
Pre
Post
Pre
Post

Strongly Disagree

Disagree

Agree

Strongly Agree

Figure 4. Diverging stacked bar graph showing student agreement with the expected
elements of “Science is a Way of Knowing” at the middle school grade band prior to and
after treatment, (N=64).
The element “science knowledge has a history that includes the refinement of, and
changes to, theories, ideas, and beliefs over time” relates directly to the nature of this
research and the analysis of historical documents to show the reflection of ideas. Each
treatment included explicit classroom discussion that reflected on how the idea under
study changed over time based on the historical documents examined. Though 98% of
students tended to agree with this idea prior to the treatment, showing little difference
with the 100% that agreed after treatment, the central tendency of this element increased
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0.22 from 3.45 to 3.66, because more students selected “strongly agree” on the posttreatment Nature of Science Progression Likert Scale (Figure 5).

Pre-Treatment

Post-Treatment

Strongly Disagree

Disagree

Agree

Strongly Agree

Figure 5. Diverging stacked bar graph showing student agreement with the high school
element “science knowledge has a history that includes the refinement of, and changes to,
theories, ideas, and beliefs over time” prior to and after treatment, (N=64).
Students also make significant growth in both grade bands of the understanding
“Science is a Human Endeavor.” Prior to treatment, the central tendency of the middle
school grade band was 3.53 and the high school grade band was 3.02. After treatment, the
central tendencies were 3.69 and 3.25, respectively. Prior to treatment, 63% of students
tended to agree with the understanding at the high school level and after treatment 78%
of students tended to agree. Within this understanding, students made the most growth in
elements in both grade bands that focused on the concept that science interacts with other
ways of knowing. For example, at the middle school grade band, students made the most
growth in the questions associated with the element, “Advances in technology have
influenced the progress of science and science has influenced advances in technology”
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(Figure 6). At the high school grade band, students made the most growth in questions
associated with the element, “science and engineering are influenced by society and
society is influenced by science and engineering” (Figure 7). In the first treatment, when
students were asked why they felt there were many discoveries regarding the structure of
DNA in the early 1950s, many students naturally made the connection between scientific
knowledge, societal concerns, and technology. One student wrote, “new technology that
allowed people to research topics more in depth produced many new discoveries about
DNA.” Another student said, “Genetic disorders may have [begun] to appear and then an
increase interest in genes/genetics.” When asked during the second treatment how
advances in the understandings of genetics have influenced society, one student wrote,
“We are now able to detect genetic diseases and predispositions to certain illnesses, and
that may cause ethical questions to arise.” Another student said, “Increased understanding
of genetics have influenced society by creating the controversial topic of GMO’s. There
has been a debate about whether or not GMO’s hurt the environment or are unhealthy for
people.” When asked how society has advanced science, one student wrote, “The
interests of the general public usually determine which research projects are funded, and
then there are more products of that research.” In treatment three, when asked how it is
possible that scientific knowledge can be accurate at one point in history, but not
considered accurate today, one student said, “Today there is more advanced technology. I
believe that advancements in technology are what has increased our knowledge because
the laws of nature simply cannot change as time passes.”
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Science has influenced advances in
technology
Advances in technology influence
scientific knowledge
Imagination and creativity are essential
qualities of engineers
Persistence, precision, reaesoning, and
logic are essential qualities of scientists
and engineers
Science is a diverse field - men and
women from all cultures and
backgrounds choose careers as…
3 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Pre Treatment

Post Treatment

Figure 6. Bar graph showing central tendencies of student proficiency of elements in the
6-8 grade band associated with the understanding “Science is a Human Endeavor” pre
and post treatment, (N=64).
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Society is influenced by science

Science and Engineering are influenced
by society
A scientist's background and field of
study will create a bias in the nature of
their findings.
Science as we know it is a result of past
people who were imaginative and
creative
2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8
Pre Treatment

Post Treatment

Figure 7. Bar graph showing central tendencies of student proficiency of elements in the
9-12 grade band associated with the understanding “Science is a Human Endeavor” pre
and post treatment, (N=64).
Students also made significant gains (p=.01) in their understanding that “science
addresses questions about the natural and material world” at the high school grade band.
Prior to treatment, 74% of students tended to agree with this understanding and the
central tendency was 3.12. After treatment, 82% of students tended to agree and the
central tendency was 3.33. Students made growth in each question at the high school
grade band, which focused on how science cannot answer all questions (Figure 8). When
asked if science can answer all questions that arise from genetic research in treatment
three, one student wrote, “Science as a way of knowing cannot answer all questions. In
science evidence is used to support concepts. Science studies the natural world. Some
questions are not asking about the natural world, and may involve morals and beliefs to
answer, not evidence and reasoning.” When interviewed post treatment about whether
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she agreed with the statement “Science addresses questions about the natural and material
world,” one student said, “I think that’s true. Science can’t answer all questions that come
up, but it tries to answer questions about nature. When a question arises about why or
how something happens, we can use evidence to find answers to the question. If there’s
no evidence, then we can’t answer the question.”

Science tells us what could happen in
natural systems, not what should…
Decisions cannot be made based on
science alone; they also rely on social…
Society relies on ethics, values, and
human decision about the use of…
Science and technology may raise
ethical issues
Not all questions can be answered by
science
2
Pre Treatment

2.2 2.4 2.6 2.8

3

3.2 3.4 3.6

Post Treatment

Figure 8. Bar graph showing central tendencies of student proficiency of elements in the
9-12 grade band associated with the understanding “Science Addresses Questions About
the Natural and Material World” pre and post treatment, (N=64).
While there was significant gains made by students in understandings related to
both the SEPs and CCCs, there were more instances of this growth in understandings
closely related to the CCCs. Prior to treatment, the central tendencies at the middle school
grade band was 3.26 for understandings related to SEPs and 3.34 for understandings
related to the CCCs. At the middle school grade band there was equal growth of 0.12 in
the central tendencies of the grouped understandings (Figure 9). At the high school grade
band, there was a lower central tendency for the understandings related to the CCCs prior
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to treatment then there was for the understandings related to the SEPs, meaning there was
more room for growth in the understandings related to CCCs. The central tendency of the
understandings related to the CCCs increased 0.18 from 3.13 to 3.13, while it increased
0.13 from 3.2 to 3.33 in the understandings related to the SEPs.
3.5
3.4
3.3
3.2
3.1
3
2.9
2.8
2.7
2.6
2.5
6-8 Pre

6-8 Post

Understandings related to SEPs

9-12 Pre

9-12 Post

Understandings related to CCCs

Figure 9. Bar graph showing central tendencies of student proficiency of understandings
related to SEPs and CCCs and both grade bands, pre and post treatment, (N=64).
Prior to treatment, 83% of students tended to agree with all of the understandings
related to the SEPs, while only 78% of students tended to agree with all of the
understandings related to the CCCs. After treatment, both categories of understandings
showed an equal growth of 12% in students who tended to agree. Throughout the
treatment, students tended to make more connections to the components of the SEPs than
to the components of the CCCs while completing their Primary Source Analysis Tool
(Table 3). However, students made very few connections in their Primary Source
Analysis Tool that were within their high school grade band. Fourteen percent of
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comments related to the SEPs were within grade band, and there were no grade band
aligned comments related to the CCCs. The component of the SEPs that was most often
addressed was “Asking Questions and Defining Problems,” because a column for
questions was built into the Primary Source Analysis Tool. Questions were only counted
if they were scientific questions, and most students did not ask questions that would meet
grade level expectations.
Table 3
Results of Primary Source Analysis Count
Cross Cutting Concepts

5
3

65

11

Grade Band

4

Engaging
in
Argumen
t from
Evidence

Total

Using
Math
and
Comp.
Thinkin
g

Grade Band

Developin
g and
Using
Models

Total

Grade Band

Asking
Question
s and
Defining
Problems

Total

Grade Band

Total

Structur
e and
Functio
n

Total

10

Grade Band

Total

Scale,
Proportion
, and
Quantity

Grade Band

Treatmen 30
t1
Treatmen 20
t2
Treatmen 6
t3

Grade Band

Total

Patterns

Science and Engineering Practices

12
10
10

40
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In the interview prior to treatment, when students were asked if there was
anything else they would like me to know about their understanding of the Nature of
Science, two students simply said no, and one student said, “I’m not totally sure what you
mean by the ‘nature of science’”. However, when students were asked this same question
after treatment, one student asked for some time to compose his response, and then said,

29
“I think that at its most basic form, science an offshoot of curiosity. It’s in human nature
to be curious and find out why things happen, and science acts as the bridge between the
questions and finding the evidence to answer the questions.”
INTERPRETATION AND CONCLUSION
The goal of this classroom research project was to increase student
comprehension of the Nature of Science (NOS) through the explicit reflection on the
understandings during the analysis of historical primary sources. I feel that the results of
this project support the claim that teachers must engage students in explicit reflection of
the NOS in order for students to make gains in their understanding. While students made
gains in all of the NOS understandings outlined in the Next Generation Science Standards
(NGSS), those that showed statistically significant gains were those in which there was
explicit written reflection on. There were also more statistically significant gains made in
the understandings related to the Crosscutting Concepts (CCCs) than there were to those
related to the Science and Engineering Practices (SEPs).
The pre-treatment Nature of Science Progression Likert Scale and pre-treatment
interviews showed that students started the treatment with more knowledge of the
understandings at the middle school grade band than at the high school grade band. Based
on the percentage of students who tended to agree with the understandings, students also
started treatment with a greater knowledge of the understandings linked to the SEPS than
those closely related to the CCCs. The central tendency for the understandings related to
the CCCs at the high school level was the lowest starting point of all four categories of
the understandings. This had been my expectation of my students starting knowledge;
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while the three-dimensionality of NGSS is new to my students, science practices that are
now partially integrated into the SEPs have been embedded in New Jersey’s state science
standards prior to the adoption of NGSS, while the CCCs are brand new. Interestingly,
after treatment the central tendency for the understandings related to the CCCs at the high
school grade band was still the lowest of all four categories, even though students made
more growth in this group of understandings than any other.
I believe that students showed the most overall growth and the most statistically
significant gains in the understandings related to the CCCs for two reasons. The first is
because there was more growth to be made in this area; since students started with the
lowest understanding of these elements, they were able to make more gains in their
understanding here. The second is because the nature of the project lent itself more to
explicit reflection on these understandings. Wang and Marsh (2002) said that the use of
historical elements in a science classroom emphasizes the tentative nature of scientific
knowledge and describes the human aspect of science, in which society and science
interact. The historical primary sources that I chose to use with my students during
treatments lead them to conversations that were more closely associated with the NOS
elements related to the CCCs. This meant we spent more time explicitly reflecting on
these elements as a class.
While I believe that the treatment was a major factor in student growth of
understanding, I also wonder if other aspects of my NGSS classroom may have played a
role in some student gains. For example, students made significant gains in their
understanding of the middle school elements of the understanding, “science models, laws,
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mechanisms, and theories explain natural phenomena.” I do not think that this was an
understanding that I purposefully and explicitly reflected on with my students through the
treatments. However, as students used models and figured out evidence that related to
science theories in other aspects of the classroom, we were focusing on these
understandings. My students also reflect on the understanding that “scientific knowledge
is open to revision in light of new evidence” often throughout our NGSS units. Since
students are constantly creating their knowledge in our classroom, we will often modify
initial explanatory models of phenomena when we discover new evidence, and complete
argumentative tasks based on multiple lines of evidence. When working as a class to create
an evidence-based consensus of our understandings, we often reflect on how our
explanations change as new evidence becomes available. I believe that these other parts of
my instruction may have been a contributing factor to student growth.
VALUE
A Framework for K-12 Science Education (2012) outlines the goal of science
education by saying that at the end of grade twelve,
all students have some appreciation of the beauty and wonder of science;
possess sufficient knowledge of science and engineering to engage in public
discussions on related issues; are careful consumers of scientific and
technological information related to their everyday lives; are able to
continue to learn about science outside school; and have the skills to enter
careers of their choice… (p. 1).
In my opinion, a strong understanding of the Nature of Science (NOS) is an essential
aspect of reaching these goals and helping my students become productive and
contributing members of our global society. My hope through this classroom research
project was to ensure that all of my students, whether they attend college or immediately
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enter the work force after high school, have enough of an understanding of the NOS to
make informed decisions related to science for themselves and others.
Students were always deeply engaged in the analysis of the historical primary
sources and the classroom conversations in which we reflected on the NOS
understandings. We don’t often get an opportunity to discuss bioethical issues, so
discussion about how society and science interact and the ethical issues that can arise
from scientific discovery was a unique experience to these students. It was interesting for
me to see a new side of student understanding as they shared aspects of their moral and
ethical beliefs that aren’t always shared in an evidence-based science class. These
discussions, though focused on reflection of the NOS understanding, felt very interdisciplinary to me. Though not the intended purpose of these conversations, I do think it
was a valuable experience for students to see how their convictions and knowledge from
other courses can interact with science when it comes to decision making.
The use of historical primary sources as a tool to learn about the NOS
understandings demonstrated a positive outcome on student movement along the gradebanded progressions. However, I don’t believe that this should be the only way that NOS
understandings are taught to students. Students should also have opportunities to
explicitly reflect on the elements of the NOS during their own classroom activities and
investigations. As I became more familiar with the understandings through this project, I
found many opportunities in day-to-day classroom experiences to add explicit reflective
written questions or conversation. Throughout the course of this study, I refrained from
reflecting with students at some points during activities in order to protect the validity of
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my classroom research project. Moving forward, I think I will be more cognizant of the
opportunities to include these reflections, and will include these opportunities for
students.
For me, completing this classroom research project was a way for me to reflect on
how I was purposefully incorporating an aspect of science that I had always thought was
essential for student success. The NOS have always been important to me, but until I
started researching for this project, I didn’t realize how importance explicit reflection was
for student understanding. Realizing how important the explicitness of the student
reflection was forced me to be very purposeful in my planning and incorporation of the
NOS understandings in instruction. Moving forward, I will consider how and where
student reflection on the NOS elements should be incorporate, and not assume that
students implicitly understand what science is by doing science.
Another important reflection for me came in choosing the historical examples that
I used with my classes. A powerful aspect of the Next Generation Science Standards
(NGSS) is equity in science education. After developing and implementing the treatments
with my students, I realized that there was little to no diversity of people shown in the
historical examples that I chose. It is important to me that all of my students see
representation of their gender, race, and culture in examples of members of the scientific
community. I believe that it is powerful for students to see themselves represented in the
history of science, and that it is my responsibility to make sure they do so. When I
complete these activities again in the future, I will ensure more diversity in the examples
I use. As I move forward in my NGSS classroom, I will continue to incorporate historical
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primary sources as a method of teaching about the Nature of Science element, but will
also incorporate those understandings through explicit reflection in other aspects of
student investigation.
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APPENDIX A
IRB EXEMPTION
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APPENDIX B
NATURE OF SCIENCE PROGRESSION LIKERT SCALE
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APPENDIX C
NATURE OF SCIENCE INTERVIEW
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1. Would you agree with the statement, “Scientific Investigations Use a Variety of
Methods”? How have you seen this in science class?
2. Would you agree with the statement, “Scientific knowledge is based on empirical
evidence”? How have you seen this represented in science classes?
3. Would you agree with the statement, “Scientific knowledge is open to revision in
light of new evidence”? How have you seen this represented in science class?
4. Would you agree with the statement, “Scientific models, laws, mechanisms, and
theories explain natural phenomenon”? How have you seen this represented in
science class?
5. Would you agree with the statement, “Science is a way of knowing”? How have
you seen this represented in science class?
6. Would you agree with the statement, “Scientific knowledge assumes an order and
consistency in natural systems”? How have you seen this represented in science
class?
7. Would you agree with the statement, “Science is a human endeavor”? How have
you seen this represented in science class?
8. Would you agree with the statement, “Science addresses questions about the
natural and material world”? How have you seen this represented in science class?
9. Is there anything else you’d like me to know about the Nature of Science?

53

APPENDIX D
STUDENT PRIMARY SOURCE ANALYSIS TOOL
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Observations

Inferences

Questions
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APPENDIX E
STRUCTURE OF DNA
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Name:_____________________________________
Image 1: Photo 51
Observations

Inferences

Questions

Inferences

Questions

Image 2: Crick Sketch
Observations
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1. Describe what patterns you notice in each image.

2. How do you think the two images are related to each other?

3. Make a prediction: Which image was created first? Explain your thoughts

______________________________________________________________________
__________________
Read the letter Francis Crick writes to his son, and answer the questions below:

4.

What evidence did Watson and Crick use to make their discovery?

5.
At the time of discovery, were the certain they were correct? Is a probable
explanation still scientific?

6.
What tools did Watson and Crick use to develop their theory of the structure of
DNA?
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7.
Watson and Crick used information that other people had discovered about the
DNA molecule to predict the structure. Is it right for the discovery to be credited to just
them?

8.
There were many discoveries regarding the structure of DNA in the early 1950’s.
What do you think may have contributed to this?
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APPENDIX F
ADVANCES IN DNA TECHNOLOGY
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Gregor Mendel discovered the basics of Heredity by
counting the number traits appearing in various
generations of pea plants
Mendel’s Garden Plot

Gregor Mendel's Garden Plot :: DNA Learning Center. (n.d.). Retrieved from
https://www.dnalc.org/view/16160-Gallery-2-Gregor-Mendel-s-Garden-Plot.html
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Mendel’s Experimental Results

Gregor Mendel's Experimental Results :: DNA Learning Center. (n.d.). Retrieved from
https://www.dnalc.org/view/16173-Gallery-3-Gregor-Mendel-s-ExperimentalResults.html
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Rosalind Franklin used X-Ray Crystallography to help
discover the double helix structure of DNA

[Rosalind Franklin's lab at Birkbeck College (image 3)] [ca. April 1958]. (n.d.). Retrieved from
https://profiles.nlm.nih.gov/ps/retrieve/ResourceMetadata/KRBBJR
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Frederick Sanger developed a method for rapid DNA
sequencing. DNA was replicated with special
radioactive base pairs that stopped replication at
specific points. The DNA then passed through a gel,
and stopped based on the
length. The radioactive tags
allowed Sanger to rapidly
sequence the nucleotides in
DNA.

Frederick Sanger develops rapid DNA sequencing technique. (n.d.). Retrieved from
https://unlockinglifescode.org/timeline/11
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APPENDIX G
SPREAD OF DISEASE
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Exploring the history of understanding how diseases spread
Today, we will be exploring how our understanding of Addie’s case of an
antibiotic resistant infection relates to past understanding of the spread of
disease. Answer each question in the block below.
Brainstorm ways that you know or think disease can spread (Think about
what we’ve been talking about with Addie’s case, and information that we’ve
been collecting about bacteria, and any other information you may have):

Look back at your list: Is there anything that you know now, that people
may not have known in the past?

Epidemiology is the study of the causes and spread of disease. The study of how
disease spreads is essential for public health - By understanding how diseases
spread, we can prevent them from becoming an epidemic. Understanding how
diseases spread is complicated; not all diseases spread the same way. Some
diseases spread rapidly, some spread through touch, while others require an
exchange of fluids. Throughout history, the understanding of how diseases
spread has advanced. However, there have been many times, even recently, that
before our understanding is complete public concern about the spread of disease
increases. This has lead to many instances of propaganda to protect people from
diseases, sometimes before we truly understand it.
Choose one of the following public campaigns against the spread of a
disease and analyze in the table below:
Image Chosen:
Observe

Reflect

Question

What are your opinions on this? Do you think that the campaign you chose
would have been effective at the time it was produced?
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Was this campaign was scientifically accurate for the time?

Is this campaign scientifically accurate today?

Which assumption do you think is more accurate? Explain your reasoning.
1. The way that diseases spread has changed since the time of these
campaigns.
2. We can assume that natural laws work today the same way they did in the
past. The reason why understanding has changed is due to advances in
technology that increase our scientific knowledge.

Do some research, and explain the following:
Use resources like the CDC to find information.
Is this infectious disease caused
by a virus or bacteria?
How does is spread?
Summarize the history of
discovery related to this disease:
 When was it discovered?
 When did we determine how
viruses/ bacteria spread?
 Any other important events?

How is it possible that something can be scientifically accurate at one point
in history, but not scientifically accurate today?
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Tuberculosis (1920-1923) - Image 1 / Image 2

(1920) Posture and Tuberculosis. , 1920. [New York: National Child Welfare Association: Cooperating with Natl. Assn. for the Study and Prevention of Tuberculosis, between ?
and 1923?] [Photograph] Retrieved from the Library of Congress,
https://www.loc.gov/item/2014647542/.
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(1920) Posture and Tuberculosis. , 1920. [New York: National Child Welfare Association: Cooperating with Natl. Assn. for the Study and Prevention of Tuberculosis, between ?
and 1923?] [Photograph] Retrieved from the Library of Congress,
https://www.loc.gov/item/2014647542/.
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Street Cleaning - To Prevent the Spread of Disease (1879)

Opper, F. B. (1879) How the street-cleaning authorities in New York guard against summer
epidemics / Opper. New York, 1879. [Photograph] Retrieved from the Library of
Congress, https://www.loc.gov/item/99400287/.
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Cowpox (1812)

Cruikshank, G. (1812) The cowpox tragedy - scene the last / G. Cruikshank, sculpt. England,
1812. [London: Pubd. by M. Jones, Aug. 1] [Photograph] Retrieved from the Library
of Congress, https://www.loc.gov/item/2002713061/.
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Polio

Why--why didn't we listen?[Photograph]. (n.d.). U.S. National Library of Medicine. Retrieved
from https://collections.nlm.nih.gov/catalog/nlm:nlmuid-101454762-img
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APPENDIX H
PRIMARY SOURCE ANALYSIS COUNT
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# Student Analysis Comments Related # Student Analysis Comments Related to
to CCCs
SEPs
Total
Within
Total
Within
Comments Gradeband
Comments Gradeband
Patterns
Asking
Questions and
Defining
Problems
Cause and
Planning and
Effect
Carrying Out
Investigations
Scale,
Analyzing and
proportion,
Interpreting Data
and Quantity
Systems and
Developing and
System
Using Models
Models
Energy and
Constructing
Matter: Flows,
Explanations and
Cycles, and
Designing
Conservation
Solutions
Structure and
Engaging in
Function
Argument from
Evidence
Stability and
Using
Change
Mathematics and
Computational
Thinking
Obtaining,
Evaluating, and
Communicating
Information

