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ABSTRACT KEYWORDS
Recent emphasis on learning biology through scientific investigations has Evidence; reasoning;
focused instruction on understanding and using scientific evidence. To scaffolding; Hardy-Weinberg
unpack the complexities of evidentiary reasoning, here we present a novel equilibrium; undergraduate;
laboratory investigation for teaching the Hardy Weinberg Equilibrium  'aPoratory course
(HWE) in an introductory biology laboratory course that was informed

by the Conceptual Analysis of Disciplinary Evidence (CADE) framework.

This HWE laboratory investigation highlights evidentiary reasoning with

scaffolding questions to target reasoning with and about scientific evi-

dence and it provides students with detailed disciplinary knowledge

underpinning their investigation and evidentiary reasoning. To indicate

how CADE influenced instruction on evidentiary reasoning during the

investigation, changes in one instructor’s laboratory discussion questions

before and after implementing CADE are provided. Also, our CADE-

informed HWE laboratory investigation is compared to other published

activities for engaging students with HWE. Findings show that with CADE,

the instructor implemented more scaffolds for directing students to con-

sider multiple aspects of evidentiary reasoning and encouraged students’

epistemic considerations about the nature, scope and quality of scientific

evidence. These changes suggest that CADE can be a practical pedagogi-

cal tool to inform improvements in HWE laboratory investigations and to

help instructors develop and implement scaffolds to guide students’

evidentiary reasoning during a scientific investigation.

Scientific evidence and evidentiary reasoning

As we enter the era of ‘big data’ and the rapid advancement of the digital world, people are
constantly challenged to evaluate data as evidence and make informed decisions that impact both
daily and professional life (Sarit and Chinn 2020; Labrinidis and Jagadish 2012; Marx 2013). For
example, during the COVID-19 pandemic, information about the current situation was posted on
TV shows, newspapers, social media, and reports from government officials. However, even
information from the most widely trusted resource is prone to error and can be interpreted
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differently by different people (Zarocostas 2020). Thus, educating the public and the future work-
force how to properly evaluate evidence poses great challenge to tertiary level education (Sarit and
Chinn 2020; Chinn, Barzilai, and Golan Duncan 2020). There is a need for studies on how to equip
students at tertiary level, especially in science disciplines, with the fundamental competency of
understanding and using scientific evidence, which will benefit their professional development as
well as daily life.

From the perspective of science education, scientific evidence is based on data that are used to
address a question or used in the process of supporting a claim (Next Generation Science Standards
Lead States 2013; Sandoval and Reiser 2004). Scientific evidence in authentic research is usually
generated with various technologies and methods that rely on multiple types of disciplinary
knowledge and practices. In real investigations, the evidence for claims varies in amount, scope,
and comprehensiveness, whereas scientific evidence used in the science classroom is often more
simplified in forms and usages (Chinn and Malhotra 2002; Duncan, Chinn, and Barzilai 2018).
During science learning, students rarely encounter the kinds of complex and more contentious
evidence that scientists often encounter in their research. The gap that exists between the simplified
evidence used in science education and the actual complexity of scientific evidence that exists in the
real world may contribute to the difficulty for students to understand scientific evidence as well as to
develop evidentiary reasoning ability, which refers to their competence for reasoning with and
about scientific evidence in their science learning (Duncan, Chinn, and Barzilai 2018;
Samarapungavan 2018). Helping students properly understand, use and reason with scientific
evidence in the process of an investigation also presents a challenge for the instructor who guides
the investigations.

Despite numerous reports on attempts to improve students’ evidentiary reasoning ability, studies
have revealed that students still have problems with understanding and using evidence. Sandoval
and Millwood (2005) showed that middle school students often failed to cite sufficient evidence
when writing explanations for natural selection problems, and the students did not articulate the
connection between the specific evidence and the claims. In the context of atmospheric science,
Jeong, Songer, and Young Lee (2007) analysed forty sixth grade students’ responses to the test of
reasoning skills involved in the collection, organisation and interpretation of data contextualised in
atmospheric science. They found that students’ understanding of scientific evidence and reasoning
skills regarding the data collection process were quite weak in several important aspects, including
appreciating the importance of scientific evidence, identifying the relevant evidence, and properly
interpreting examples and tables. By analysing argumentations within peer-led sessions in small
groups in an undergraduate chemistry course, Ushiri, Moog, and Lewis (2013) found that although
students could support their arguments with evidence and reasoning, their answers often lacked
elaboration on reasoning and further validation on explanations by relating the argument with their
prior knowledge. These studies show that students not only need help in conceptual understanding
of scientific evidence, but more importantly they could benefit from explicit instruction of inves-
tigation practices that use scientific evidence.

Explicit instructional supports, including a well-designed learning environment and instructor’s
facilitation, are indispensable for guiding students to understand and practice using scientific
evidence in order to develop their evidentiary reasoning skills (Manz, 2016). The importance of
learning science through scientific investigation has been emphasised in the recent decade.
Increasing encounters with scientific investigations in biology classrooms and laboratories could
help students improve their understanding of core concepts (AAAS 2011), and grasp basic scientific
competencies in experimentation (Pelaez et al. 2017; Pelaez, Gardner, and Anderson 2022) and
cultivate biological literacy (AAAS 2011). The ability to understand and use scientific evidence as an
essential component of scientific investigation is gaining focus as a foundation of undergraduate
biology education (AAAS 2011; Laursen 2019). However, we do not yet know whether the trend
towards engaging undergraduate students with scientific investigations yields gains similar to those
from other instructional methods that have been reported to have a positive influence on learners’
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scientific reasoning ability (Gerber, Cavallo, and Marek 2001; Jensen and Lawson 2011; Wilson et al.
2010; Blumer and Beck 2019). The cultivation of competent thinking and evaluation of scientific
evidence has become a crucial problem for educational research and instructors in higher educa-
tion. Since scientific reasoning ability may not develop naturally among most students when
exposed to traditional curriculum (Kuhn 2009), there is a need for including evidentiary reasoning
as one of the learning objectives in science education.

Instructors also play a critical role in supporting students’ learning through guiding students
during scientific investigations. Instructors help students make connections between activities,
science concepts and principles to support students’ conceptual understanding (Puntambekar,
Stylianou and Goldstein, 2007), they engage students in argumentation by justifying their claims,
and they guide debating of alternative explanations (Osborne, Erduran and Simon, 2004; Tabak and
Baumgartner, 2014). In this study, we focus on preparing instructors with explicit instructional
methods to improve students’ evidentiary reasoning and understanding of the role of relevant
disciplinary knowledge to be called on during a scientific investigation.

HWE as a context for practising evidentiary reasoning

The HWE is a fundamental model for population genetics that was first demonstrated separately by
two scientists, G. H. Hardy and Wilhelm Weinberg, in the early 20™ century (Hardy 1908; Stern
1943; Weinberg 1908). According to this model, for a Mendelian trait that contains two alleles at
one locus, one a dominant allele and another the recessive allele, the allele frequencies will remain
constant across generations in a population if certain conditions are met (Figure in Supplemental
Material 1). The conditions include no mutation in the gene, random mating between the indivi-
duals in the population, every individual produces the same number of offspring, no gene flow into
or out of the population, infinite population size and no occurrences of natural selection. No
evolution occurs in the population if it is in HWE, therefore understanding HWE is critical for
grasping basic ideas and core concepts of evolution (Wise 2018b). Within biology, the HWE is
a principle that is fundamental to the theory of evolution, which is firmly established as a model for
helping learners to make sense of the importance of processes such as mutation, selection, and
genetic change that would otherwise be meaningless for understanding the diversity of life
(Dobzhansky 1973). For this reason, HWE is often taught as a fundamental introduction to
population genetics in many introductory-level biology courses. By tracking changes in allele
frequencies for a population over time, HWE helps students appreciate that evolution is not only
the development of new species from existing ones, but that it can easily result from changes in the
allele frequencies within a population over a long period of time. The topic of HWE in under-
graduate biology education provides a foundation for the increasingly important discipline of
evolutionary biology. By including the HWE, instructors also address the call to connect the use
of mathematics with learning about biological phenomena (AAAS 2011; Schuchardt and Schunn
2016; Speth et al. 2010; Wise 2018b). Despite the importance of introducing HWE in undergraduate
biology laboratory courses, several studies indicate that students show difficulty in understanding
and applying HWE even when they have remembered and can use the HWE equation (p” + 2pq +
q° = 1) for calculating problem solutions. Reports show that students have difficulty understanding
the underlying biological phenomenon of relevance to HWE (Masel 2012; Smith and Baldwin
2015).

Our goal for this report is to show how the Conceptual Analysis of Disciplinary Evidence
(CADE) framework, a novel conceptual framework on evidentiary reasoning, informed modifica-
tions of a laboratory investigation to focus on biological phenomena of relevance to the HWE in
an undergraduate introductory biology laboratory course and how the implementation of scaf-
folding questions designed according to the CADE framework influenced the instructional
questions about scientific evidence during the investigation. The CADE framework is introduced
in the next section.
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Theoretical framework
Scaffolding in science education

Scaffolding is a metaphor in education that refers to the process of teachers or knowledgeable peers
using temporary supports to help learners complete tasks that may be beyond the learners’
independent capacity (David, Bruner, and Ross 1976). Scaffolding is derived from Vygotsky’s
notion of the Zone of Proximal Development (ZPD) which refers to ‘the distance between the
actual developmental level as determined by independent problem solving and the level of potential
development as determined through problem-solving under adult guidance, or in collaboration
with more capable peers’ (Vygotsky 1978, 86). In the ill-structured problem-solving learning
environment, with scaffolding from conceptual, metacognitive, procedural or strategic perspectives,
learners can get support on what to consider, how to think during learning and tools or strategies
for approaching the problem (Hannafin, Land, and Oliver 1999).

Prompts, hints and questions are useful scaffolding strategies. Instructional questions and
prompts have been reported to have significant positive effects on students’ performance on
problem-solving and evidence-based argumentation, including representing the problem, identify-
ing relevant information, gathering evidence to solve problems, generating hypotheses and linking
evidence to claims (Belland, Glazewski, and Richardson 2008; Xun and Land 2003; van Joolingen
and De Jong 1991). For example, in the context of information sciences and technology, Xun and
Land (2003) provide examples of specific questions they used to prompt thinking about their work
on a problem as students independently worked through and discussed ideas with peers. They
found that students who received such questions and prompts were able to clearly represent the
problem and identify the relevant information when solving the problem. However, the example
questions used by Xun and Land (2003) do not specifically target the important role of evidence nor
did those questions direct students towards evidentiary reasoning appropriate for a laboratory
investigation. Therefore, as a first step to guide students’ thinking and reasoning with and about
scientific evidence during the process of scientific investigation, there is a need to clarify how
scientists reason with and about scientific evidence throughout the entire research process.

The CADE framework

One useful framework for unpacking evidentiary reasoning is the CADE framework
(Samarapungavan 2018). In contrast to other frameworks and studies on argumentation that
focus on using evidence in making claims or explanations (e.g. Erduran and Pilar Jiménez-
Aleixandre 2012), the CADE framework emphasises reasoning with and about evidence throughout
the entire process of scientific investigation, including planning, generating and using scientific
evidence. The CADE framework unpacks evidentiary reasoning into four relationships: the
Theory => Evidence relationship refers to the practice of formulating testable hypotheses, explana-
tions or rationale for an investigation; the Evidence <=> Data relationship refers to the practice of
designing, executing, and analysing investigation models; the Evidence => Theory relationship refers
to models of inference, argumentation and discussions about the uncertainty or sufficiency of
conclusions, and Social Dimensions refer to the communication of evidence throughout the
research process in a public sphere. These four relationships represent the entire stages of the
scientific investigations, from identifying important unsolved problems, choosing theoretically
important variables, collecting data to contribute as evidence to test hypotheses, drawing conclu-
sions based on the evidence and communicating the research plans and results in the public or with
other scientific researchers.

Within each of the four relationships, the CADE framework focuses on two essential compo-
nents of reasoning with and about scientific evidence: disciplinary knowledge and epistemic con-
siderations. Disciplinary knowledge provides the foundation for the investigation. The theories or
assumptions that one person has will affect the person’s decisions about what to choose as evidence,
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how to use the evidence, and what can be drawn as conclusions from the evidence. Epistemic
considerations throughout all four relationships of evidentiary reasoning relate to critical thinking
about the scope, quality and limitations of the theories, evidence and conclusions. When practising
a scientific investigation, investigators need to not only grasp the disciplinary knowledge that is
necessary to conduct the investigation, like the theories and models that are underlying the
investigation, the variables that are relevant to the research question, but also how to evaluate the
quality of the scientific evidence, including the reliability of the evidence, as well as the precision
and accuracy of the techniques and equipment used. Thus, the disciplinary and epistemological
aspects of evidentiary reasoning are interrelated when conducting evidentiary reasoning. From the
educational perspective, instructors need to not only introduce students to the disciplinary knowl-
edge that is necessary to conduct the investigation, but they also need to implement curriculum and
instructional methods to support students’ epistemic considerations for preparing students’ critical
thinking needed for both scientific learning and daily life (Barzilai and Chinn 2018; Chinn, Barzilai,
and Golan Duncan 2020). In each relationship and under each component, the CADE framework
poses several questions regarding important features of scientific evidence. It could benefit instruc-
tors in developing questions and prompts to scaffold students’ evidentiary reasoning during
scientific investigations. Although the CADE framework is built on examples from biology, the
proposed questions, especially questions of relevance to epistemic considerations, are very general
and are intended to be applicable in many different contexts and disciplines.

In summary, the CADE framework is intended to provide a guide for both instructors and
learners to understand the construct of scientific evidence and evidentiary reasoning. Since the
study context is an introductory biology laboratory course, we only focus on the first three CADE
framework relationships in this article, as these represent what happened during the HWE
laboratory investigation. Here we report on CADE implementation with a three-part study to
address these questions: What are the features of a lesson plan for an HWE investigation that is
informed by CADE? How does an instructor’s implementation of scaffolding for an HWE inves-
tigation compare before and after implementation of CADE? And how does our CADE-informed
HWE laboratory investigation compare to other published activities for engaging students with
HWE investigations?

Study methods and design
Study context: A population investigation module with zebrafish

This study was conducted in an introductory biology laboratory course at an American research-
intensive institution in the Midwest during three continuous semesters with 2018 Spring semester
as the baseline course and 2018 Fall and 2019 Spring semesters as two iterations. The design of the
laboratory course was intended to engage students who were first year biology majors in practising
hypothesis testing repeatedly as they progressed through a series of research modules. One 50-
minute pre-lab lecture each week was delivered to about 200 students by the professor to introduce
concepts and techniques that would be used in their 3-hour lab meeting where about 18 students
came together to conduct investigations as members of one of six research teams per lab. Table 1
summarises student demographic information from 2018 Spring, 2018 Fall and 2019 Spring
semesters. Data for this study was from the Spring semesters.

The zebrafish module was the second of four research modules in the course, and it lasted four
weeks; the course design is presented in the Supplemental Material 2. During this module, students
worked in groups of three to raise zebrafish (Danio rerio) and to collect data on their fish
populations to test HWE with assigned fish tanks. In brief, some wild-type fish had zebra stripes,
the dominant trait. Others had a recessive phenotype (spotted or without stripes). By analysing the
changing proportions of zebrafish phenotypes, the students might conclude if evolution had
occurred in the population in their tank. Each lab section consisted of one graduate teaching
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Table 1. Student demographics in the biology laboratory course for each semester of this

study.
Demographic variables 2018 Spring 2018 Fall 2019 Spring
Female 65% 61% 73%
Male 35% 39% 27%
White 65% 66% 66%
Black 4% 4% 3%
Hispanic 9% 6% 5%
Asian 1% 16% 15%
Multiracial 5% 5% 5%
International 5% 4% 4%
Unknown 1% 0 1%

assistant and 3-4 undergraduate teaching interns as teaching staff who guided the 18 undergraduate
students. Shim and Pelaez (2022) describe more detail about the laboratory context for this study as
well as examples of guidelines from the 4-week Zebrafish Lab Module. In the third week of the
zebrafish module, students worked on a guided inquiry HWE activity in a lab meeting that lasted
three hours. This study is based on data from that HWE lesson, so we will focus only on the third
week of the module (Supplemental Material 2). During this lesson, the lab instructor used whole-
class lab discussions to prompt students to consider some evidence of relevance to an investigation
of HWE.

Data collection and analysis methods

Modifications to the lesson for an HWE investigation were informed by CADE

Volunteer teaching staff members were invited to collaborate with the first and the last
authors to improve teaching strategies according to the CADE framework by modifying the
lesson for the HWE laboratory investigation between semesters. The HWE lessons were
modified twice from the baseline course (Spring 2018 semester) following two iterations
informed by CADE (2018 Fall and 2019 Spring semesters). The final lesson in the 2019
Spring semester was coded with the three relationships and the two knowledge categories of
the CADE framework. The scaffolding questions designed at the beginning of the first
iteration were modified and applied for the final iteration by the authors in collaboration
with the participant lab instructors.

Participant instructors who contributed to course improvements were paid for their
participation. So that the laboratory discussions could be recorded, the laboratory instructor
and student participants agreed to participate according to a protocol that was reviewed and
approved by the Institutional Review Board (IRB#1702018760251). Scaffolding questions
were modified for the final iteration based on observations of classroom discussions during
the baseline and first iteration.

Instruction comparisons before and after CADE implementation

A participant instructor who was an undergraduate teaching intern participated in all three
semesters. She earned a bachelor’s degree in biochemistry in 2019 while completing minors
in both Statistics and Biotechnology with a perfect 4.0 Grade Point Average. During her
undergraduate career, she also participated as science research investigator in several
research projects. She had been teaching the same laboratory course for one semester before
volunteering to participate in our HWE laboratory improvements. Her excellent academic
performance and the experience of teaching and research were aligned with her quick ability
to understand and apply the CADE framework while helping to devise scaffolding prompts
for a modified HWE laboratory lesson for each iteration. In the results section, her
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laboratory instructions provide examples to illustrate the changes made to instructional
questions and prompts based on the CADE framework for guiding students’ thinking and
reasoning about scientific evidence during the HWE laboratory investigation.

The changes in this participant instructor’s scaffolds were tracked by videotaping her
laboratory courses to compare the baseline course in spring semester 2018 to the modified
implementation informed by the CADE framework in the fall 2018 and spring 2019 semesters.
For each course, the pre- and post- the lab activity discussions were videotaped (almost
1 hour each), during which the instructor implemented questions and prompts to lead the
whole class discussion. The videotaped sections were transcribed using Trint.com, which is an
online transcription tool. The transcripts were proofread by the first and the last authors. The
CADE framework was applied as an analysis framework to indicate what aspects of eviden-
tiary reasoning had been targeted for discussion during the HWE laboratory investigation and
to identify what was still missing. Words and sentences from the statements, prompts and
questions that instructors used were coded according to three relationships and the two
components of the CADE framework. The description of codes and examples from the course
data are presented in Table 2. Two independent coders (the first and the last authors) worked
on 25% of the transcripts to refine the code book until agreement was reached on these codes.
Then one of the coders (the first author) coded the rest of the transcripts.

Table 2. Code descriptions and examples.

Code

Description

Example*

Theory => Evidence
relationships,
Disciplinary
Knowledge

Theory => Evidence
relationships,
Epistemic
Considerations

Evidence <=> Data
relationships,
Disciplinary
knowledge

Evidence <=> Data
relationships,
epistemic
consideration

Evidence => Theory
relationships,
Disciplinary
knowledge

Evidence => Theory
relationships,
Epistemic
consideration

Disciplinary knowledge about formulating or
testing hypotheses, explanations or
arguments

Ideas about the nature, quality and scope of
evidence in formulating or testing
hypotheses, explanations or arguments

Disciplinary knowledge about designing,
executing, analysing investigation models

Ideas about the nature, quality and scope of
evidence in designing, executing, analysing
investigation models

Disciplinary knowledge about drawing

conclusions from the evidence

Ideas about the nature, quality and scope of
evidence when drawing conclusions

(Baseline course) ‘So if natural selection is occurring,
how will that affect how the offspring compare to
the parent generation?’

(The HWE dog investigation) ‘So, do you guys have
any hypotheses on whether or not you expect
your allele frequencies to be similar or different
than in New York?'

(The HWE dog investigation) ‘Can you guys think of
any alternative methods that if maybe the time or
money wasn’t an issue for us to kind of solve this
problem?’

(Baseline course) ‘So, hearing that you have to do
the expected and observed frequencies, what do
you guys think you'll have to do later that we
talked about last lecture?

(The HWE dog investigation) ‘If you have the data
of these different genotypes, how do you convert
those to allele frequencies?

(The HWE dog investigation) ‘How might you want
to increase your confidence in this data?

(The HWE dog investigation) ‘What does this data
tell us in the context of our model?’

(The HWE dog investigation) ‘So any other big
limitations that you guys might want to try to
remediate?’

*Quotes are the words of the instructor with only slight editing for grammar and removing filler words that do not change the
meaning of the quote (like, kinda) to make the quotes easier to read.
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Comparing published HWE activities

To compare our modified approach to what others are doing to engage students with HWE
investigations, published HWE instructional activities were examined. Searching was performed
in Google Scholar to find recently published activities or investigations for teaching Hardy-
Weinberg Equilibrium. The searches were conducted using two sets of key words: ‘teaching
Hardy Weinberg equilibrium’ and ‘Hardy Weinberg equilibrium instruction’. Articles published
in peer-reviewed journals from 2000 to 2019 were chosen. The activities were compared accord-
ing to several instructional features, including the learning objectives, the data sources used for
solving HWE problems, whether the activity provides detailed disciplinary knowledge of rele-
vance to the context of the HWE investigation in order to consider the disciplinary aspects of
evidence according to the CADE, whether the activity encourages students to ask a research
question that they can address with their evidence, and whether the activity includes scaffolding
questions to alert students to consider disciplinary knowledge of relevance as well as general
evidence considerations for the instructor to guide students to use evidence better in the HWE
activities.

Results
Reasoning about evidence from dog populations

Here we present a novel HWE laboratory investigation of dog populations to give undergraduate
biology students a guided project with an investigation of the HWE (Box 1), a practical guide with
scaffolding questions (Table 3) for instructors to implement in their courses, and an assessment
which was designed to measure students’ competence for evidentiary reasoning for HWE on the

final exam at the end of the semester (Box 2).
Box. 1. A dog population investigation of HWE.

Consider two phenotypes for which the genetic mechanisms in dogs are known: the black colour trait is related to variation in

Tyrosinase Related Protein 1 (TYRP1) alleles and a trait for the type of dog facial fur is related to R-spondin 2 (RSPO2). The
combination of two mutations of TYRP1, symbolised by b/b, alters eumelanin from black to brown and gives dog fur and
skin the ‘brown’ phenotype, which shows up as no black colour on nose, paw pads, eye rims or lips (Figure 3). The ‘black’
phenotype is due to the dominant allele and can be symbolised by B/_ (Dreger et al. 2019; Jancuskova, Langevin, and
Pekova 2018; Schmutz and Berryere 2007; Sheila M Schmutz, Berryere, and Goldfinch 2002). Scruffy fur phenotype on
a dog’s face is related to Roof Plate-Specific Spondin-2 (RSPO2), which encodes an extracellular matrix signalling pathway
protein. The RSPO2 allele for the scruffy trait is due to the dominant allele, illustrated by F/_, in contrast to smooth facial fur
on dogs that are homozygous recessive for this trait, illustrated by f/f (Figure 4) (Cadieu et al. 2009; Dreger et al. 2019).
A website that lists adoptable animals across most of North America is http://PetFinder.com. Using Petfinder.com, a scientist
of canine genetics found that in New York City the gene pool for adoptable dogs is mostly smooth faced (a recessive trait
only seen in dogs that inherit two copies of the RSPO2 gene for smooth face). But many dogs carry the TYRPT gene mutation
that causes some dogs to be missing black pigmentation. On 1 February 2019 in New York City, the counts of RSPO2 and
TYRP1 phenotypes were as follows:

Smooth Black Smooth Brown Scruffy Black Scruffy Brown
fIf B/_ f/f b/b F/_B/_ F/_b/b
80 22 15 1

Assuming Hardy-Weinberg Equilibrium:
® g’ = frequency of the recessive phenotype
q = frequency of the recessive allele
p = frequency of the dominant allele - p=1-q
For TYRP1 brown:
o g =b=brown =0.442
o p=B=black =0.558
For RSPO2 scruffy:
o q = f=smooth face = 0.9302
o p = F = scruffy face = 0.070
What research question can be investigated with this and other data from http://PetFinder.com?
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Box 2. A dog population investigation assessment.

According to ‘Dogs’, a series on Netflix, Territorio de Zaguates is a free-range shelter run by people who are dedicated
to saving dogs abandoned in Costa Rica. The phenotypic traits in the shelter were well analysed. The head vet of
the shelter stated that these dogs are unique at Costa Rica.

For comparison, a scientist of canine genetics, found that the gene pool for adoptable dogs is mostly smooth faced
(a recessive trait only seen in those that inherit two copies of the RSPO2 gene for smooth face), but many dogs carry
the TYRP1 gene mutation that causes some dogs to be missing black pigmentation. Using a website that lists
adoptable animals across most of North America is http://PetFinder.com these counts of RSPO2 and TYRP1
phenotypes were found on 1 February 2019, in New York City:

Smooth Black Smooth Brown Scruffy Black Scruffy Brown
fIf B/_ fif b/b F/_B/_ F/_b/b

80 22 15 1
Questions

a) What would you observe about the dogs in the Netflix show, Territorio de Zaguates. to find out if those dogs are really
different from dogs that are up for adoption in New York City? Is there evidence that the gene pool for these dogs is
different in Costa Rica? Explain an approach to doing research on the dogs. What should the investigators be looking at to
determine their uniqueness? Why would these observations be interesting and/or important?

b) The vet has described the phenotypes of 1000 dogs at the Territorio de Zaguates free-range shelter. What types and how
many dogs with each phenotype would you expect to find in this data if the population does NOT differ in terms of the allele
frequency for the traits this scientist reported for adoptable pets in New York City? Assume both populations are in Hardy-
Weinberg Equilibrium.

¢) Given what you know about Mendel and the Hardy Weinberg Equilibrium principle, what questions do you have and what
additional evidence would help you figure out what is happening with the abandoned dogs in Costa Rica?

d) What else might you need to know to improve the quality and the accuracy of the vet's claim that the abandoned dogs in
Costa Rica are unique?

Before the laboratory session, a 50-minute pre-lab lecture was delivered by a guest
professor to review HWE and to introduce colour variation in dogs associated with
Tyrosinase Related Protein 1 (TYRPI) alleles (Figure 1) and variation in the type of dog
facial fur related to R-spondin 2 (RSPO2) alleles (Figure 2). For this HWE laboratory
investigation, Petfinder.com was used as a data source, which is a free online searchable
database for adoptable pets in certain areas by the postal zip code. The scaffolding questions

Figure 1. Comparison of the ‘black’ and ‘brown’ colour phenotypes in dog populations caused by variation in Tyrosinase Related
Protein 1 (TYRPT) alleles. Dogs with the ‘brown’ colour trait lack any black pigmentation as illustrated in photos marked with
a green check mark to illustrate the ‘brown’ colour phenotype (symbolised by b/b). This lack of black pigmentation is caused by
the combination of two mutations of TYRPT and shows up as no black colour on nose, paw pads, eye rims or lips. The photos
marked with red cross illustrate the ‘black’ colour phenotype (symbolised by B/). The two photos in the lower right corner
demonstrate how a genetically black (B/_) nose can fade over time. This should not be mistaken for a brown nose (b/b) as the dog
remains genetically ‘black’ despite the fading.


http://PetFinder.com
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Figure 2. Comparison of the scruffy and smooth face phenotypes in dog populations related to variation in Roof Plate-Specific
Spondin-2 (RSPO2) alleles. The dogs with scruffy face phenotypes (symbolised by F/_) are in photos marked with green check
marks. R-spondin 2 (RSPO2) encodes an extracellular matrix signalling pathway protein. The dog photo marked with a red cross
shows the recessive smooth face phenotype (symbolised by f/f). The two photos in the lower right are of the same dog, with
a groomed face and with an ungroomed face. These are shown as an example of how the appearance of scruffy face can be
altered with grooming but, of course, this does not alter the alleles.

present in the lesson (Column 4 of Table 3) involve figuring out an investigation to
determine how the allele frequencies of a Mendelian trait in an observed population differ
from a comparison population in a different place or the same population at a different
time, using the phenotype frequency to predict allele frequencies as evidence for evolution.
Instructors can apply these scaffolding questions at various parts of the lesson to prompt
deeper thinking and reasoning with and about scientific evidence while guiding students
through the investigation. For example, before the investigation, the instructor can use the
question ‘What important unsolved problem could be addressed with HWE in your investiga-
tion? (Theory = > Evidence relationships, Disciplinary knowledge) to prompt discussion of
a research question that the student teams could investigate. Note that the Disciplinary
knowledge component in Table 3 recognises specific disciplinary considerations to inform
the investigation, such as HWE, Mendelian genetics, and relevant statistical models. In
contrast, the Epistemic considerations in Table 3 raise questions about the nature, scope
and quality of scientific evidence to support epistemic reasoning about evidence with more
generalised strategies.

The assessment in Box 2 presents a problem with open-ended questions that include and go
beyond simple calculation with HWE equations. The assessment questions are designed to reveal
students’ thinking about the entire investigation process in terms of both disciplinary knowledge
and epistemic considerations. For example, the question ‘Given what you know about Mendel and
the Hardy Weinberg Equilibrium principle, what questions do you have?’ is aligned with the
Theory => Evidence relationship. Student reasoning about Evidence <=> Data relationship is
revealed when they consider ‘What additional evidence would help you figure out what is happening
with the abandoned dogs in Costa Rica?’, and the question ‘What else might you need to know to
improve the quality and the accuracy of the vet’s claim that the abandoned dogs in Costa Rica are
unique? is related to the Evidence =>Theory relationship. The assessment was designed to reveal
students’ understanding of the HWE model, their competence with hypothesis testing and their
reasoning about the nature, scope, and quality of the data that underpin their use of scientific
evidence.
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Comparison of scaffolds for HWE investigation laboratory instruction before and after the
CADE implementation

Changes from the participant instructor’s lab instruction between the baseline course and
the course that implemented the dog population investigation are presented to show how
the CADE framework influenced the instructional questions and prompts about evidentiary
reasoning when the participant instructor guided discussion of the HWE lab investigation.
The counts of different types of questions used by the instructor before and after imple-
menting the CADE framework are summarised and presented in Table 4.

Scaffolds for laboratory discussion during the baseline course

During the baseline HWE activity, students were given phenotype numbers to calculate both
allele frequencies and genotype frequencies (Figure 3). Alignment with the CADE frame-
work revealed that questions and prompts used by the participant instructor during the
baseline activity only covered two relationships in the CADE framework, which are the
Theory => Evidence and Evidence <=> Data relationships (Table 4), and even in these two
relationships, some important components were missing. Most of the questions in the
Theory = > Evidence relationships were intended to refresh students’ memory about the
HWE assumptions (5 out of 8 in Theory => Evidence relationships, Disciplinary knowledge
in Table 4). For instance, the instructor said, ... the population has to be very large. Can
anybody give any predictions about why that might be? (Theory => Evidence relationships,
Disciplinary knowledge). Students then discussed that allele frequencies in the large popula-
tion would unlikely be affected by random events since one individual makes up a lot less of
a large population. One student answered ° ... in very large populations, one individual
makes up a lot less of a population’. There were no questions to prompt discussion about
a key domain phenomenon, which is that the appropriate model is HWE and not just
Mendel’s Laws applied to population genetics. No questions were implemented to guide
students to compare the two genetic models that they had learned, or to discuss how
Mendel’'s Laws or HWE fit different types of investigations. This led to the result that
some students failed to select the proper model to address a population genetics study.
Based on their responses to the assessment (Box 2) on the final written exam for the spring
semester 2018, over one third of the students applied Mendel’s Laws and used Punnett
squares to calculate the genotype frequencies in solving a population genetics problem,
instead of considering p or q as allele frequencies (unpublished data).

Since the activity in the baseline course focused on applying HWE in terms of an
equation with a given set of numbers, most of the guiding questions in the Evidence <=>
Data relationship were simply about how to calculate the allele or genotype frequencies with
given numbers (11 out of 12 in Evidence <=> Data relationships, Disciplinary knowledge in
Table 4). For instance, the instructor asked ... so if you have 40% aa and then 60% of AA,

Table 4. Counted differences in the lab instruction between the baseline course and the HWE dog population investigation.

Baseline Dog population investigation
Disciplinary Epistemic Disciplinary Epistemic
Constructs and Practices knowledge considerations knowledge considerations
Theory => Evidence 8 0 15 2
relationships
Evidence <=> Data 12 0 16 7
relationships
Evidence => Theory 0 0 13 9

relationships
Total 20 0 44 18
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Consider a Mendelian trait in a population

AA x AA Segregation “Gene Pool” Assortment AA

AA x Aa Aa

AA x aa \/ aa
Woke A4

/

Frequencies of genes in
the pool are the same as those
in the parental population.

If a population with a parent generation that started with 60% AA
and 40% aa achieves HWE in one generation. Describe it...
p(A)= of 1000 individuals

q(a)= __are AA, _ _areAaand ___ are aa

Figure 3. Instructional diagram for the Hardy-Weinberg equilibrium (HWE) laboratory activity in the baseline course. The baseline
HWE laboratory activity illustrated allele frequencies in the gene pool and focused on helping students calculate with the HWE
equations using numbers of genotype frequencies of a trait that were given to students.

what would the proportion of just the A allele be in the population?” (Evidence <=> Data
relationships, Disciplinary knowledge). Students then applied the calculation of HWE equa-
tions with the given numbers and gave their answer as ‘0.6 for the dominant A allele
frequency’. In the baseline lab activity, there were no opportunities for students to discuss
and critique the sampling methods, or the accuracy of the methods and techniques used to
gather the data, which are essential for scientific investigations.

Most of the questions in the baseline course were intended to prompt students’ thinking about
disciplinary knowledge related to the HWE activities. There were no guiding questions to prompt
students’ epistemic considerations about the quality or reliability of evidence used in the activity
(Table 4). This illustrates the need to modify the lesson and design scaffolding questions to prompt
students’ epistemic considerations during their HWE laboratory investigation to encourage stu-
dents to think about the nature, scope and quality of the evidence used during the investigation.

Scaffolds for laboratory discussion during the HWE dog investigation

After implementing the dog population investigation and incorporating scaffolding ques-
tions into the HWE lesson, several major changes were observed in the laboratory instruc-
tion. First, there were more questions and prompts for evidentiary reasoning corresponding
to the first three relationships in the CADE framework (62 vs 20 in Table 4). This indicates
that the instructor intended to encourage students to think and discuss multiple aspects of
scientific evidence during the lab investigation. These questions covered important compo-
nents for evidentiary reasoning that were missing from the baseline laboratory instruction.
For example, in order to help students compare Mendel’s Laws to the HWE and to choose
the proper model for the investigation, the instructor said, ‘We have learned about two
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genetic models - Mendelian genetics and population genetics with Hardy Weinberg
Equilibrium. What are the assumptions for both of them? (Theory => Evidence relationships,
Disciplinary knowledge). Can you use either model? Which one is more appropriate and
why? (Theory => Evidence relationships, Epistemic considerations). These questions led the
students to compare the two genetics models they had learned and to think about the
relevant model and mechanisms underlying changes of allele frequencies in a dog popula-
tion. Students replied that the HWE is the model they were going to apply for the
population investigation. They recalled the Mendelian inheritance session they've learned
before and identified the difference between the two-investigation contexts as that ‘... for
the Mendelian inheritance, it has to come from one set of parents. But for the HWE model, we
are using here with the pet populations, means there are numerous sets of parents that could
all be interbreeding’.

The features of the dog investigation encouraged students to participate in the entire
hypothesis testing process, thus providing a context for the instructor to implement the
CADE framework with scaffolding questions to inspire students’ evidentiary reasoning
regarding in identifying a research question, generating hypotheses, collecting and inter-
preting data as evidence and drawing conclusions. For example, before the investigation, the
instructor asked ° ... so, what research question are you interested in? Do you have any
hypotheses on whether or not you expect your allele frequencies to be similar or different than
in New York? (Theory => Evidence relationships, Disciplinary knowledge). One student
mentioned that his hometown in a rural area of North Carolina is prone to flooding. He
wondered whether the fur type of the dog which related to R-spondin 2 (RSPO2) in his
hometown would differ from a bigger city, like New York City, that is not rural or so prone
to flooding. The class was interested in this research question and decided to investigate
whether there were statistically significant differences in allele frequencies of smooth face fur
(f/f) between a rural location in the North Carolina flood zone and New York City. During
the investigation, the instructor led discussions about evaluating the sampling methods and
details of the statistical methods applied to analyse the data. This let the whole class discuss
how to process an unbiased sampling method; for example, how many dogs each of them
would count and how they could avoid counting the same dog twice on Petfinder.com as
evidence. After processing the data to generate evidence, the instructor asked, ‘So what
conclusions can you draw? and then ‘So, we’ve rejected our null hypothesis, now what do we
say about our model and our data? (Evidence => Theory relationships, Disciplinary knowl-
edge). The whole class used evidence to draw their conclusion that there was no significant
statistical difference between the dog populations in a rural location in the North Carolina
and New York City. They then discussed potential reasons and alternative interpretations
for this conclusion.

Another change was that with the implementation of scaffolding questions of epistemic
considerations, the instructor started to encourage the students to talk about the limitations
and to evaluate the theory and evidence of relevance to the dog population investigation.
The instructor guided students to think about limitations of the HWE by asking ‘... but
any other limitations that you might think of for this sort of model ... ? (Theory => Evidence
relationships, Epistemic considerations). The class discussed the scope and quality of the
evidence collected by students and used during the investigation when the instructor asked,
‘How much confidence do you guys have in this evidence for allele frequencies? So, does
anybody have any ways and ideas of how you might want to increase your confidence in this
data?’ (Evidence <=> Data relationships, Epistemic considerations). Students criticised the
quality of the data they collected. Some students mentioned the data collection process that
‘we probably counted the same dog multiple times when collecting the data’. Some mentioned
the sample size that ‘we only did forty out of the entire state’. These changes support the idea
that implementation of the CADE framework can help an instructor use scaffolding
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questions that cover epistemological aspects of evidentiary reasoning to guide students'
thinking and reasoning with scientific evidence in a way that is integrated into the dis-
ciplinary context of their HWE laboratory investigation.

Activities for teaching HWE in undergraduate biology courses fail to address some CADE
components

Table 5 presents a comparison of our dog population laboratory investigation (bottom row)
with several published classroom or laboratory activities designed for teaching HWE.
Although varied in learning objectives, the activities listed in Table 5 were intended to
shift the teaching of HWE from a traditional focus on calculating with HWE equations
towards engaging students to understand the biological phenomena underlying the HWE by
involving students with an investigation. For example, in some hands-on activities, students
participated in modelling HWE using coloured beads or papers and calculated frequencies of
alleles, genotypes and phenotypes to simulate changes in allele frequencies within
a population (Bonner et al. 2019; Brewer and Gardner 2013; Hoffman et al. 2016; Smith
2017). This engages students with analysis of the data but gives no opportunity for students
to discuss which model (HWE or Mendelian genetics) is appropriate and why. A cat
population activity (Christensen 2000) that was useful to inform our dog HWE activity is
based on data that students collect as evidence to test HWE, as was suggested previously by
Kinnear (1986) for teaching Mendelian genetics. However, the cat as a research subject
raises questions about the detailed genetic disciplinary knowledge that determines the
phenotype of cats (Kinnear 1986; Christensen 2000). Other than the dog population inves-
tigation, the published activities listed in Table 5 for teaching HWE do not provide
opportunities for students to think about the quality of scientific evidence, a practice they
would need to understand and use for an authentic scientific investigation. However, even
though several of these approaches report hypothesis testing as one of the learning out-
comes, they lack detail about the disciplinary knowledge needed for evidentiary reasoning of
relevance to formulating or testing hypotheses. Even published activities that have students
compare simulation results with authentic research data are simplified. Students are not
getting opportunities to engage in experimental design with these activities in ways that
involve discussion of sampling procedures and research methods, as well as learning about
evidence in terms of the nature, scope and quality of evidence to develop their evidentiary
reasoning ability.

The dog population investigation was designed to engage students in designing and
planning a research study, developing methods for sampling, independently generating
authentic data as evidence, and drawing conclusions from the analysis. In addition to
involving students in practicing hypothesis testing, more importantly, the task is intended
to inspire students to think and reason with and about scientific evidence with scaffolding
questions focused on both epistemic and disciplinary aspects before, during, and after the
investigation. In contrast to other studies in Table 5, students could apply their knowledge
of molecular biology to data they collect from Petfinder.com along with data a scientist
gathered about dogs in New York City to answer a research question about whether there is
a statistical difference in the allele frequencies for TYRPI or RSPO2 between two cities, for
example New York City and their hometown. As an alternative, the students could have
decided whether there is difference in allele frequencies for TYRPI or RSPO2 over time, for
example before and after the Covid-19 pandemic in New York City.
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Discussion

In this report, we applied the CADE framework in the context of our HWE laboratory class to
illustrate how the implementation of the CADE framework influenced the laboratory investigation
design, how we modified the lesson, as well as the actual changes in the laboratory instruction from
one laboratory instructor as the lab discussions about the investigation were explicitly guided. The
CADE framework targets known difficulties with students’ evidentiary reasoning during investiga-
tions by giving them the opportunity to blend deep disciplinary knowledge and investigative
practices with the epistemic considerations that are key to evidentiary reasoning. CADE also
explicitly draws the instructors’ attention to the distinction between disciplinary knowledge and
epistemic considerations of evidentiary reasoning and how to prompt for each to promote students’
deeper thinking about evidence during the investigation (Samarapungavan 2018). The scaffolding
questions listed in Table 3 cover both aspects of disciplinary specificity and epistemic generality for
three relationships to consider: Theory => Evidence relationships refer to the use of relevant
disciplinary knowledge to inform what counts as evidence for a particular area of study, and
what sort of data to collect; Evidence <=> Data relationships recognise the need for disciplinary
knowledge to inform the isolation and definition of variables for a particular research design,
procedures such as appropriate sampling and measurement, as well as the precision and accuracy of
techniques and equipment to be used in order to optimise the reliability of the evidence;
Evidence => Theory relationships involve the disciplinary knowledge implicit to the tracking and
quantifying of known sources of error, alternate interpretations that could be evaluated, limitations
and uncertainties to be explicitly addressed, and whether findings are consistent with disciplinary
knowledge or raise questions about the ideas from previous studies that inform the investigation.
Such details may not all need to be given in every laboratory protocol if the laboratory investigation
provides opportunities to engage the students with discussions of these practices.

Guided by the CADE framework, an instructor was able to scaffold evidentiary reasoning in the
process of the dog HWE investigation. This laboratory investigation uses a common pet as the
subject to investigate, which was intended to motivate students for their laboratory investigation
since many students love dogs. It calls on detailed disciplinary knowledge by providing students
with information about the exact genes that control the phenotypes they can investigate, including
TYRPI and RSPO?2 allele variants. After learning about TYRPI and RSPO2 allele variants, most
students can describe the relevant phenotypes and predict the genotype of a dog they know best,
which allows students to focus on both the theory and scientific evidence underlying the HWE
laboratory investigation. Students have an opportunity to connect disciplinary knowledge for their
study to the detailed context of a familiar biological phenomenon that calls on their personal
knowledge and experience, which is an essential component for development of evidentiary
reasoning according to the CADE framework. The dog population investigation provides oppor-
tunities for students to practise hypothesis testing during this process to give purpose to the
investigation as they gather and use evidence. The guided discussions about what variables are
important for their research, how to collect data for use as evidence, what sampling strategies to use,
and what conclusion(s) to draw from the evidence for the investigation, are intended to help
students practise thinking about the nature, scope and quality of the evidence. From the teaching
perspective, the embedded scaffolding questions presented in Table 3 are ready to apply for guiding
students’ evidentiary reasoning. Unlike other HWE activities that use coloured buttons, beads, or
other manipulatives, the dog population investigation uses Petfinder.com, which is low cost and
easy to access for implementation and thus provides a potential online laboratory teaching format
for engaging students with authentic research.

HWE is a fundamental model that plays an essential role for understanding evolution in under-
graduate biology education. Due to the abstract nature and mathematical foundation of HWE,
students who mainly perform calculations with the HWE equation may not actually understand
the biological phenomena underlying their investigations (Wise 2018b). Because of the importance as
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well as the challenges for teaching and learning HWE, educational researchers and instructors have
been designing and implementing activities that aim to facilitate students’ understanding as they
apply the HWE in authentic and engaging ways (Bonner et al. 2019; Brewer and Gardner 2013; Smith
2017; Wise 2018a). However, there is room for improvements that could better engage students in
thinking and reasoning with and about scientific evidence during the planning stages and not just for
analysis of evidence from their HWE laboratory investigations. Research with the CADE framework
could guide modification of other types of HWE laboratory investigations. For instance, the activities
listed in Table 5 could be modified to give students more opportunities to practice reasoning about
multiple aspects of scientific evidence. Modifications to a laboratory activity can be informed by the
CADE framework to expand the activities from use of the Chi-square test to compare expected and
observed allele frequencies in a population between different generations or in different places, by
also giving students the opportunity to explore both disciplinary and epistemic components to
evidence for changes in a population that could be attributed to natural selection or genetic drift.
The Supplemental Material 1 provides a handout for teaching and learning HWE.

Others have reported that instructors’ questions can engage and guide students through investiga-
tions by eliciting and scaffolding students’ thinking if the instructors actually lead the discussions
about observations, assumptions and reasoning (Kawalkar and Vijapurkar 2013). However, in an
undergraduate laboratory where instruction is typically managed by graduate and undergraduate
teaching staff who get very little pedagogical training, it can be challenging to get staff to help students
discuss the evidence rather than just telling students what to do (Gardner and Gail Jones 2011; Luft
et al. 2004; Sundberg, Armstrong, and William Wischusen 2005). Our findings show that after
implementing the CADE framework to modify the lesson for laboratory instruction, a participant
instructor used more questions related to multiple aspects of evidentiary reasoning for guiding her
students through the HWE laboratory investigation. This suggests that the instructor would be able
to lead students to think and reason more about the scientific evidence throughout the process of
scientific investigation. For brevity, the detailed student data has not been presented here. Instead, we
show how the CADE framework helped an instructor notice the importance of epistemic considera-
tions in evidentiary reasoning. The instructor began to include scaffolding questions that prompted
students to think and reason about the limitations and the nature, scope and quality of the evidence.
Reasons for these interesting changes include the improvement in the laboratory task, but also,
importantly, that the CADE framework helped unpack the complexity of evidentiary reasoning into
questions that an instructor could implement to highlight essential components of evidentiary
reasoning throughout the process of authentic research activity.

Limitations and directions for future research

There are several limitations to this study. First, we must avoid generalising our claims because the
participant instructor may have been more excellent than a typical laboratory instructor in terms of
both academic performance in research and teaching experience. Her laboratory instruction
showed deep understanding of the CADE framework. There is an additional need to explore
professional development approaches for laboratory instructors. With the CADE framework as
an introduction to components of evidentiary reasoning and by providing both typical and refined
lesson in terms of CADE-informed opportunities for students’ evidentiary reasoning, it may be
possible to help all laboratory instructors implement the CADE framework during all phases of a lab
investigation to better guide discussions of evidence of relevance to their laboratory investigations.
With the dynamic and interactive features of scaffolding, the goal of including evidentiary reason-
ing discussion could become more feasible. This study was focused on instruction of the HWE.
Future research could examine how instruction informed by the CADE framework could influence
and perhaps improve students’ competence to use and reason with and about scientific evidence.
Research is also needed to examine how and in what conditions the CADE framework should
inform scaffolding questions to cultivate a learning environment and laboratory classroom
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atmosphere where students will become adept at thinking and reasoning with scientific evidence
autonomously during their scientific investigations. By addressing these limitations, the develop-
ment of evidentiary reasoning ability could benefit not only students’ academic performance and
science career preparation, but also strengthen their decision-making skills in everyday life, which is
an important target for 21% century laboratory instructions.
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