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outcomes?
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Previous work on impact of 
research experiences

Surveys probing:

• attitudes

• plans to pursue research

• perceived gains in skills

• confidence in research

Responses to survey or exam Qs (e.g. ability to interpret 
data & design experiments)

“What does it mean to think like a scientist?”



Why provide research/lab 
experiences?

• Conceptual knowledge

• Experimental design 

• Procedural skills

• Critical thinking

• Collaboration

• Data analysis & interpretation

• Troubleshooting

• Communicate like scientists

AAAS, 2011 Vision and Change in Undergraduate Biology Education; 

Lopatto & Tobias. 2010. Science in Solution: The Impact of Undergraduate Research on Student Learning.

Core competency: 

Apply the process of 

science 
(AAAS, 2011)



Benefits of course-based research 
experiences

• Gains in conceptual knowledge & perception of research 

skill ability 

• Gains in ability to interpret data 

• Increased positive attitudes about science and research 

• Increased confidence about research skills

• More expert-like views of what it means to “think like a 

scientist”

Shaffer et al. 2014. CBE Life Sciences Education, 13(1), 111–130; Harrison et a. 2011. CBE Life Sciences 

Education, 10(3), 279–86; Brownell et al. 2012. Journal of College Science Teaching 41 (4): 36–45; 

Brownell et al. 2014. BioScience 64 (2): 125–37; Brownell et al. 2015. CBE Life Sciences Education, 

14(2), 14:ar21; 



Framework

Construct 

knowledge by 

building on 

existing 

frameworks

Prior knowledge 

(ways of understanding)

Experiences

Existing 

frameworks 

influence what 

we gain from 

experiences



Knowledge structures

• Knowledge is a combination of concepts, facts, skills, 

experiences, attitudes

• Knowledge structures describe the organization and 

relationships between these parts 

Shavelson, R. J. (1972). Journal of Educational Psychology, 63(3), 225–234. 



Broad Question

What are students’ knowledge structures of 

biology research?



Research questions

• What tool can we use to capture knowledge 

structures?

• How do students’ knowledge structures 

compare to those of experts? 

• How do knowledge structures change after a 

course/lab experience? 



Tool: Word association test

• List the first things that come to mind in 
association with “gene therapy”:

Gene therapy:

Disease

Risks

Vectors

Virus

Liposome

Immune system

DNA

Genes

Gene therapy:

Disease

DNA

Genetic

Treatment



Word Association Test

• Based on the association method (Jung, 1910):         

fast-paced, free association of thoughts 

• Order of responses related to the strength of 

associations in the test-takers memory

• Responses represent knowledge structure

• Used to track changes in understanding of scientific 

method (elementary school), chemistry, ecology, genetics

Jung et al, 1910. The American Journal of Psychology, 21(2), 219–269; Bahar et al. (1999). 

Journal of Biological Education, 33(3),134–141; Gulacar et al. (2014), Research in Science 

Education, 40(45), 717-726. 



Word Association Test

List the first things that come to mind in association 
with “research”:

Research: ____________

Research: ____________

Research: ____________

Research: ____________

Research: ____________

Research: ____________

Research: ____________

Research: ____________

Research: ____________



Data collection: WAT

• WAT stimulus words: Biology, Research, Scientific 

Method, Laboratory, Experiment, Hypothesis

• Interviews with students and experts

• Groups: Students in two freshman courses, one a 

lab course (CURE) and one a lecture course 

Group of professors/grad students/post-docs

CURE Pre n=438; CURE Post n=359, 

Lecture Pre n=352, Lecture Post = 255

Experts n=29



Our freshman CURE: BILD4

Question: Are the soil properties and microbiomes different between soil 

associated with California sage vs. crystalline iceplant?

• Soil properties: How much water and how acidic is the soil?

• Functional biodiversity: What carbon sources are metabolized?

• Genetic biodiversity: What species are present?

California sage

(native plant species)

Crystalline iceplant

(invasive plant species)

Lo, Stanley. (2015) Examining microbial biodiversity in soil: A research-based introductory biology laboratory 

course. FASEB J, 29:559.35



Course-based undergraduate 
research experience (CURE)

Auchincloss et al. 2014. CBE Life Sciences Education, 13(1), 29–40. 

Corwin et al. 2015. CBE Life Sciences Education, 14(1), es1. 

Scientific 
Practices

Collaboration

Iteration
Discovery/Broad 

Relevance

CURE



Interviews: interpret responses

Response to 

“Research”

Reason for response

Lab “because that’s where research happens”

Media “because when I first worked in a lab that’s all I did 

was make media”

Hypothesis “need a focus/goal/question driving the research”

Chemicals “you use chemicals to do research”

Creativity “drives my research, because I want to know why 

things are the way they are”

Excitement “when you know you are the only person who 

knows something”

Endeavor “it’s something you do on a day to day basis, every 

day, it’s a physical thing”



Data analysis

• Making sense of a very large word cloud!

• 68,000+ responses (a little over 3,000 unique responses); 

average 48 responses per person 

• Data cleaning: lab, labs, laboratory, labratory → laboratory

• Categories: Equipment = pipet, centrifuge, beaker.

• Themes: Laboratory = equipment, reagents, safety, etc.



Themes



Theme Description Example responses

Laboratory
Items in the lab, descriptions of 
the space, safety-related

Chemicals, computer, pipette, 
microscope, hazardous waste, 
lab coat, PPE

Collaboration Working with others
Leader, partner, team, group, 
group work

Course/Job 
Related

Items and activities related to a 
course or working in a lab (or as a 
PI)

Books, excel, internship, 
library, professor, student, 
classroom, mentor, writing 
grants

Results and 
Analysis

Analysis activities, outcomes of 
analysis

Analysis, answer, conclusions, 
data, statistics

Experience Adjectives
Cool, difficult, hard, grueling, 
long hours, rewarding

Experimental 
Design

Steps in experimental design 
except those related to testing a 
question

Control, procedures, process, 
measure, record



Theme Description Example responses

Iteration
Words related to repetition, 
including failure

Repeat, failure, trials, 
troubleshoot

Science 
Literature

Related to use of literature Citation, integrity, paper, 

Organisms/Unit 
of Focus

A particular topic or organism 
being studied

Animals, human, plants, 
bacteria, anatomy, physics, flies, 
mice, chemistry

Scientific 
Advancment

Reference to a publication or 
journal article, or impact of 
research

Publication, invention, 
discovery, cure

Testing (a 
question)

Related to the goal of 
testing/answering a question

Ask, experiments, guess, 
hypothesis, question, testing

UNKNOWN
Did not easily fit into the 
above thematic categories

Beginning, initial, exact, over-
expression, green, Bill Nye



Example: themes in responses to 
“research”

RESPONSES THEME

Hypothesis Testing a Question

Pipette Laboratory

Data Results & Analysis

Mice Organism/Unit of Focus

PPE Laboratory

Questions Testing a Question

Analysis Results & Analysis

Controls Experimental Design

Team work Collaboration

Frustrating Experience



Using the WAT to identify 
knowledge structures

• Do associations vary by stimulus word?

• Do associations vary between groups?

• Do we see shifts in thinking after a course-
based lab experience?



Associations vary by stimulus word
Example 1: Lab course
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Associations vary by stimulus word
Example 1: Lab course
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Other

Chi-square p<0.0001



Associations vary by stimulus word
Example 2: Experts

P
ro

p
o
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f 
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Laboratory

Results & Analysis

Experimental Design

Testing a Question

Other

Chi-square p<0.0001

Course/Job related

Organism/unit of focus



Using the WAT to identify 
knowledge structures

• Do associations vary by stimulus word?

• Do associations vary between groups?

• Do we see shifts in thinking after a course-
based lab experience?



Responses vary by group: Comparing 
associations to “Research”
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Response vary by group: Comparing 
associations to “Experiment”

Laboratory

Results & Analysis

Experimental Design

Testing a Question

Other

Course/Job related

Organism/unit of focus

Chi-square p<0.0001
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Using the WAT to identify 
knowledge structures

• Do associations vary by stimulus word?

• Do associations vary between groups?

• Do we see shifts in thinking after a course-
based lab experience?
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Small shifts in associations: 
“Research”
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CURE pre vs post 
“Research”

-6 -4 -2 0 2 4 6 8

Proportion increased 
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A more detailed look: top 10 most 
frequent associations

Top 10 most frequent words 

make up nearly 30% of all 

responses



Most frequent associations provide 
detail about knowledge structures

1st most 

frequent 

word

2nd most 

frequent 

word

High mean 

rank 

e.g. 8.5

Low mean 

rank

e.g. 3.2

Responses 

to “research”

Rank

Lab 10

Hypothesis 9

Data 8

Group 7

Hard 6

Time 5

Money 4

Results 3

Conclusions 2

Paper 1

Infrequent but high 

ranking word

Frequent but low 

ranking word



Student associations with 
“Research”

Before CURE

High mean rank Low mean rank

(bubble size is frequency)



Student associations with 
“Research”
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High mean rank Low mean rank



Knowledge structures: students vs. 
experts, “Research”
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Course-based undergraduate 
research experience (CURE)

Auchincloss et al. 2014. CBE Life Sciences Education, 13(1), 29–40. 

Corwin et al. 2015. CBE Life Sciences Education, 14(1), es1. 

Scientific 
Practices

Collaboration

Iteration
Discovery/Broad 

Relevance

CURE



Course-based undergraduate 
research experiences



Knowledge structures related to 
CURE framework
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Do students’ conceptions of research 
contain core concepts of a CURE? 

Associations with “Research”, proportions of CURE themes only  
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Upper level lab: a CURE module 
with lots of productive failure
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Upper level lab: a CURE module 
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Challenges of including productive failure in our 
lab courses

• Time to iterate

• Cost

• Supply management (1000+ students per year)

• Flexibility of instructors and IAs

• Student attitudes



Findings thus far

• WAT is a useful tool to survey large and small 

populations to assess knowledge structures

• Conceptions relate to experiences, and includes 

affective relationships

• Associations vary by context/experience

• Lab class: more associations with testing a question and 

analysis, similar to other CUREs (Brownell et al, 2015) 

• Productive failure increased associations with iteration and 

collaboration, but still a very small association.



Findings thus far

• Students and experts differ in ways of thinking about 

research:

• Physical lab spaces vs. bigger picture thinking

• Iteration and experimental design is more often a part of 

expert knowledge structures compared to students. 

• Need more practice

• Infrequent exposure could also lead to inaccurate 

conceptions (Brownell et al, 2014)

• Collaboration not a strong part of knowledge structures, 

perhaps because the value to learning isn’t clear 

(Brownell et al., 2015)



Future directions

• Expand expert sample

• Look at impact of curriculum changes (both in lab and 

lectures): e.g. activities to explore the role of iteration and 

experimental design 

• Specialized, research-intensive programs 

• Incorporate other factors into analysis: previous research 

experience, plans for research

• Are particular knowledge structures associated with 

pursuing research?



Why provide research/lab 
experiences?

• Conceptual knowledge

• Experimental design 

• Procedural skills

• Critical thinking

• Collaboration

• Data analysis & interpretation

• Troubleshooting

• Communicate like scientists

AAAS, 2011 Vision and Change in Undergraduate Biology Education; 

Lopatto & Tobias. 2010. Science in Solution: The Impact of Undergraduate Research on Student Learning.

Core competency: 

Apply the process of 

science 
(AAAS, 2011)

Form scientific 

arguments



What are scientific arguments?

Evidence

Often scientific data

The land-dwelling ancestor 

of dolphins was a mammal

Claim (or conclusion)

Answer to research 

question 

Dolphins should have belly 

buttons

Justification

Often a scientific explanation

Mammals give live birth and have umbilical 

cords, and belly buttons come from this 

attachment

For example, research question: Do dolphins have belly buttons?



Structure of a complex scientific 
argument

Evidence

Evidence Claim
Justification

Evidence Justification

Simple argument

Evidence

Evidence Claim
Justification

Evidence Justification

Simple argument

Claim

Justification

Justification

Alternative hypotheses, 

counter-arguments, etc.



Why do we care about scientific 
arguments?

Ruscetti (2018)

PLOS ONE 

• Used to make sense of data, communicate, and construct 

hypotheses

• Implicit in all the work that we do as biologists and scientists, 

although rarely explicitly articulated

https://doi.org/10.1371/journal.pone.0203109



Why do we care about scientific 
arguments?

• Used to make sense of data, communicate, and construct 

hypotheses

• Implicit in all the work that we do as biologists and scientists, 

although rarely explicitly articulated

• Students and informed citizens need to be able to make decisions 

based on evidence and reasoning, especially in this new era of 

alternative facts

• Scientific argumentation is critical for science and science 

education at all levels (AAAS 1989, HHMI/AAMC 2009, NSF/AAAS 

2011, NRC 2012)

• Scientific argumentation skills rarely taught explicitly to 

undergraduates

• A recent survey of college educators found that a common barrier 

to teaching argumentation is the lack of assessment tools (Coil et 

al 2010 CBE-LSE)



Scientific arguments using primary 
literature data

Rec8 problem: Is the 

cohesin protein REC8 

involved in sister 

chromatid cohesion and 

aneuploidy in young 

versus old oocytes? If 

so, what is the 

relationship among 

REC8, sister chromatid 

cohesion, and 

aneuploidy in young and 

old oocytes?

Cellular vs. 

chromosomal 

Rec8

Rec8 & 

age

Current Biology 20, 1522–1528, September 14, 2010, DOI 10.1016/j.cub.2010.06.069

Chromatid 

cohesion & 

age

Non-

disjunction & 

age



Questions

• How can we effectively assess student 
arguments?

• Are there parts of forming an argument that 
students struggle with?



Toulmin model: Scientific arguments 
by genetics students
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components



Correctness of Toulmin parts: does 
not reveal complexity of argument

• On average, over 85% of statements in an argument 
were correct, the remaining were partially correct

• Correctness of a statement does not tell us if complex 
relationships are being articulated



What are other ways to assess 
arguments?

Evidence

Often scientific data

Claim (or conclusion)

Answer to research 

question 

Justification

Often a scientific explanation



Biggs’ SOLO Framework

• Structure of Observed Learning Outcomes (SOLO) 

(Biggs & Collis, 1982)

• Originally developed to measure student performance 

on a variety of assessment tasks

Biggs and Collis (1982) Evaluating the Quality of Learning: The 

SOLO Taxonomy. New York NY: Academic Press.



Adapting Biggs SOLO as a framework 
for scientific arguments

Biggs and Collis (1982) Evaluating the Quality of Learning: The SOLO Taxonomy. New York 

NY: Academic Press.

✓   

Concepts immediately related to question

Pre-structural



Adapting Biggs SOLO as a framework 
for scientific arguments

Biggs and Collis (1982) Evaluating the Quality of Learning: The SOLO Taxonomy. New York 

NY: Academic Press.

✓   

✓

Concepts immediately related to question

Pre-structural

Uni-structural



Adapting Biggs SOLO as a framework 
for scientific arguments

✓   

✓

✓ ✓ ✓

Concepts immediately related to question

Pre-structural

Uni-structural

Multi-structural



Adapting Biggs SOLO as a framework 
for scientific arguments

Biggs and Collis (1982) Evaluating the Quality of Learning: The SOLO Taxonomy. New York 

NY: Academic Press.

✓   

✓

✓ ✓ ✓

✓ ✓ ✓

Concepts immediately related to question

Pre-structural

Uni-structural

Multi-structural

Relational



Adapting Biggs SOLO as a framework 
for scientific arguments

Biggs and Collis (1982) Evaluating the Quality of Learning: The SOLO Taxonomy. New York 

NY: Academic Press.

✓   

✓

✓ ✓ ✓

✓ ✓ ✓

✓ ✓ ✓ ✓ ✓ ✓

Concepts immediately related to question

Pre-structural

Uni-structural

Multi-structural

Relational

Extended abstract



Biggs SOLO examples for our Rec8 
problem

Rec8 aneuploidy

Prestructural

Given data

Outside information

Mechanistic 

connection

Relevant and 

complete

Irrelevant or 

incomplete

“Rec8 affects aneuploidy”



Biggs SOLO examples for our Re8 
problem

Rec8 aneuploidy

Prestructural

distance age

Unistructural

Given data

Outside information

Mechanistic 

connection

Relevant and 

complete

Irrelevant or 

incomplete

“Intekinetochore distances are directly 

related to the age of oocytes and increase 

with more age.” 



Biggs SOLO examples for our Rec8 
problem

Rec8 aneuploidy

Prestructural

distance age

Unistructural

Given data

Outside information

Mechanistic 

connection

distance age

Multistructural

ND age

Relevant and 

complete

Irrelevant or 

incomplete

“The increased chances of aneuploidy and 

non-disjunction in older oocytes is related 

to the larger interkinetochore distance 

found in older oocytes.” 



Biggs SOLO examples for our Rec8 
problem

Rec8 aneuploidy

Prestructural

distance age

Unistructural

Relevant and 

completeGiven data

Outside information Irrelevant or 

incomplete

Mechanistic 

connection

distance age

Multistructural

ND age

age errors

age Rec8

Relational

“Errors increase as 

oocytes age, but 

only after Rec8 

levels reach a low 

threshold”



Biggs SOLO examples for our Rec8 
problem

Rec8 aneuploidy

Prestructural

distance age

Unistructural

Given data

Outside information

Mechanistic 

connection

age error

Multistructural

age Rec8

age error

age Rec8

Relational Extended abstract

Rec8

age

meiosis

future exp

error

prediction

Relevant and 

complete

Irrelevant or 

incomplete

“I hypothesize that as oocytes age, another protein, which facilitates the 

association of Rec8 to chromosome, is less produced and insufficient in 

assisting Rec8 association to chromosome…..”



What do we find in student 
arguments?

A

B

C

P U M R EA

Coral | n = 120 | p = 0.12

P U M R EA

Rec8 | n = 120 | p = 0.036



How can we assess student 
arguments?

• Five stages of Biggs SOLO complexity: 

prestructural, unistructural, multistructural, 

relational, and extended abstract

• Tested on two genetics problems for 

complex scientific arguments based on 

primary literature data

• Some distinction between Biggs SOLO 

stages vs. course grades



Questions

• How can we effectively assess student 
arguments?

• Are there parts of forming an argument that 
students struggle with?



What do we find in student 
arguments?

A

B

C

P U M R EA

Coral | n = 120 | p = 0.12

P U M R EA

Rec8 | n = 120 | p = 0.036



Scientific arguments using primary 
literature data

Chromosomal Rec8 

decreases with age, but total 

cellular Rec8 does not

Decreases in Rec8 are not 

always correlated with 

increases in non-disjunction



Observing argument formation: 
think-alouds and interviews

8 students: 
• 2 recognized 

inconsistency
• 1 included in argument

• 4/6 struggled to make 
sense of data

7 experts: 
• All recognized 

inconsistency 

• 5 included in argument

• 7/8 students used 
causal language to 
describe relationships

• All described 
relationship as 
correlative

Preliminary results:



Future Directions

Building a learning progression

• Build on interview data to understand what students are doing: how do 

processes vary between those forming different Biggs SOLO category 

statements

• How do students’ arguments change over time?

Identifying expert “end-points”

• Are experts all in the extended abstract category of Biggs SOLO?

• Are all extended abstract responses the same or similar in features?

Eye-tracking experiments

• Do experts attend to different features of the figures than novices?

• What are students in different Biggs SOLO categories attending to?

TEACHING: What instructional supports help students identify 

relationships and inconsistencies, and form extended abstract arguments? 



Thank you! 
Questions?

Lisa McDonnell 

lmcdonnell@ucsd.edu

@LMcD4

mailto:lmcdonnell@ucsd.edu

