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Primary literature is essential for scientific communication and is commonly utilized in under-
graduate biology education. Despite this, there is often little time spent training our students how 
to critically analyze a paper. To address this, we introduced a primary literature module in multi-
ple upper-division laboratory courses. In this module, instructors conduct classroom discussions 
that dissect a paper as researchers do. While previous work has identified classroom interventions 
that improve primary literature comprehension within a single course, our goal was to determine 
whether including a scientific paper module in our classes could produce long-term benefits. On 
the basis of performance in an assessment exam, we found that our module resulted in longitudinal 
gains, including increased comprehension and critical-thinking abilities in subsequent lab courses. 
These learning gains were specific to courses utilizing our module, as no longitudinal gains were 
seen in students who had taken other upper-division labs that lacked extensive primary literature 
discussion. In addition, we assessed whether performance on our assessment correlated with a 
variety of factors, including grade point average, course performance, research background, and 
self-reported confidence in understanding of the article. Furthermore, all of the study conclusions 
are independent of biology disciplines, as we observe similar trends within each course.

Article

Primary research articles allow data to be shared across the 
world instantaneously, providing a nearly endless library 
of information. Not only are they vital for professional sci-
entists, but papers are also valuable tools for educators and 
undergraduates. The use of scientific papers in the classroom 
has been shown to increase student learning and interest in 
the course material (DebBurman, 2002; Luckie et  al., 2004; 
Kozeracki et al., 2006; Hoskins et al., 2007). In addition, the 
skills involved in being able to read and critically analyze 
papers are applicable across subject areas and are not specific 
to biology. Despite the value of primary literature for bud-
ding scientists, from freshmen in an introductory biology 
course to graduate students, most curricula lack any formal 
training on how to critically read scientific papers.

To fill this void, techniques have been established to in-
crease students’ abilities to read, comprehend, and analyze 
primary literature. A few examples include the CREATE 
method, Figure Facts, and Research Deconstruction (Clark 
et al., 2009; Hoskins et al., 2007, 2011; Gottesman and Hoskins, 
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INTRODUCTION

Scientific discovery is predicated on our ability to build upon 
the work of our peers and previous generations of research-
ers. This information is transmitted in a number of ways, 
including presentations at scientific meetings, personal com-
munications, and, most importantly, published literature. 
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2013; Round and Campbell, 2013). While these methods are 
valuable additions to science, technology, engineering, and 
mathematics (STEM) learning, not much is known about 
whether the analytical skills gained from these practices are 
evident in later courses. Additionally, it is unknown whether 
the measured performance gains are specific for certain bi-
ology fields. At the University of California, Irvine, more 
than 90% of the students participating in this study (mostly 
fourth- and fifth-year students who were enrolled in biology 
lab classes) reported having been exposed to primary litera-
ture in previous courses. Yet from personal communication 
with students and in classroom discussions, it is clear that 
the average student is lacking in this skill.

To address this problem, we established a common pri-
mary literature module running through three of our 
large-enrollment upper-division laboratory courses, includ-
ing microbiology lab, molecular biology lab, and biochem-
istry lab. The hallmark of this module was an instructor-led 
modeling of how a researcher approaches a scientific article 
(see Methods). Students were tasked with reading three re-
search papers throughout the course, the last of which was 
used in an assessment of their comprehension and criti-
cal-thinking abilities in an examination known as the “paper 
quiz.” All three papers examined each quarter were relevant 
to the topics of the specific lab course, and the paper quiz 
articles were unique for each course and quarter.

The goal of this study was to determine whether this mod-
ule would result in long-term improvements in students’ 
abilities to comprehend and critically analyze data from pri-
mary sources, irrespective of the specific discipline of biology 
such data were drawn from. Such a longitudinal gain, if pres-
ent, would be significant, as our goal as educators should be 
to provide our students with skills that are transferable be-
yond the immediate classroom in which they were acquired. 
We evaluated the long-term effects of the module by com-
paring paper quiz performance between “first-time” stu-
dents (students taking one of the labs included in the study 
for the first time) and “returner” students (students who 
have previously taken one of the labs included in the study). 
Our measure of student comprehension and critical-thinking 
skills was performance on questions classified by Bloom’s 
taxonomy (Krathwohl, 2002; Crowe et  al., 2008). Student 
comprehension of primary literature was gauged based on 
performance on lower-level Bloom’s questions (Bloom’s 1 
and 2), while critical analysis was measured by performance 
on Bloom’s 3–6 questions (application, analysis, evaluation, 
synthesis). Critical thinking encompasses a variety of skills 
researchers use when approaching a scientific paper. This 
includes the ability to interpret figures, use data to predict 
outcomes, design experiments based on author conclusions, 
and assess the scientific validity of arguments made in the 
paper. Higher-order Bloom’s questions can assess these skills 
and are commonly used across multiple disciplines to assess 
student critical-thinking abilities (Fuller, 1997; Athanassiou 
et  al., 2003; Bissell and Lemons, 2006; Crowe et  al., 2008; 
Stanger-Hall, 2012). If our module resulted in increased com-
prehension and critical-thinking abilities, we would expect 
to see higher performance on questions of various Bloom’s 
levels for returner students relative to first-timers.

For study purposes, student performance on paper quiz-
zes was analyzed based on a variety of parameters, includ-
ing educational background, study method utilized, and 

student confidence, among others. While we were able to 
identify a number of variables that impacted paper quiz 
scores, one of the strongest conclusions was that exposure 
to this module increased paper-reading comprehension and 
analysis in subsequent lab courses (as measured by higher 
scores on questions of various Bloom’s levels), demonstrat-
ing a longitudinal benefit rarely documented in STEM edu-
cation studies. In addition, student reading of primary liter-
ature was independent of the specific lab course, as similar 
trends were identified in each of the three biology labs ex-
amined. This implies that dissecting scientific articles as a 
core component of one or multiple classes increases student 
learning, regardless of the presence of specific learning tech-
niques to accompany these discussions.

METHODS

Primary Literature Module Description
Student data were collected from three courses, Bio Sci 
M114L (biochemistry lab), Bio Sci M116L (molecular bi-
ology lab), and Bio Sci M118L (microbiology lab) during 
the 2012–2013 academic year, encompassing nine distinct 
courses. Over the three quarters of the study, enrollments 
ranged from 40 to 160 students per class, totaling roughly 
900 students. The primary literature reading module was 
only one part of each course; students were also required to 
take weekly quizzes, write lab reports based on their exper-
iments, and peer review other students’ writing samples. In 
the molecular biology and biochemistry labs, students were 
also given a cumulative final exam. Throughout the study  
period, one instructor (B.S.) taught both the microbiology 
and biochemistry labs, while a second instructor (P.K.) 
taught the molecular biology labs.

In the module, three papers were presented during the quar-
ter. For paper 1, students were given an assignment (Study 
Method 1) in which they were required to answer the following 
questions regarding selected figures in one to two sentences:

1. Why was the experiment performed?
2. How was the experiment performed?
3. What were the results obtained?
4. What conclusions were made?

For paper 2, students were given an assignment (Study 
Method 2) to write summary paragraphs (of unspecified 
length) regarding selected figures. Both of these papers were 
dissected in lecture the following week, with the instructor 
guiding the discussion. Class discussions included how to 
determine the main purpose of the paper, the purpose of 
each figure, the experimental design for each figure, con-
clusions derived from the data, how those conclusions are 
related to the overall goal of the paper, and potential future 
directions (further description is presented in the Supple-
mental Material).

Paper 3 was assigned to the class a week before the paper 
quiz. Students were free to study in any manner, although 
they were encouraged to use method 1 or 2. The assigned 
article for each paper quiz was unique, and the quiz con-
sisted of questions ranging from Bloom’s level 1 to level 6 
(Krathwohl, 2002; Crowe et al., 2008). In addition, each quiz 
included ungraded questions for students to self-report their 
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independent research background, the study method uti-
lized to prepare for the paper quiz, and their confidence in 
their understanding of the paper as measured on a Likert 
scale. Example paper quizzes are provided as Supplemental 
Material.

This study was performed with approval from the Uni-
versity of California, Irvine, Institutional Review Board (HS# 
2012–9026).

Statistical Analysis of Data
Because this study was observational in nature, the multi-
ple-regression technique was used to control for variables 
that were correlated with one another. For each of the nine 
courses included in the study, the final paper and therefore 
the paper quiz were not the same to minimize any potential 
advantages students might acquire by referencing previous 
exams. However, the structure of the quizzes was matched 
to ensure meaningful comparison within and between 
quarters. The weights we used to compute the composite 
paper quiz score were the average proportion of questions 
across nine quizzes on each Bloom’s level. They were 32.8% 
(Bloom’s 1 and 2), 19.4% (Bloom’s 3), 21.4% (Bloom’s 4), 
17.8% (Bloom’s 5), and 8.6% (Bloom’s 6). Paper quiz scores 
accounted for 10% of the final grade in each class, which was 
directly converted to a numerical value from “F” = 0 to “A+” 
= 12. Confidence was measured on a Likert scale from 1 to 5, 
with 5 being the most confident. This ordinal variable was 
treated as a continuous variable in the regression analysis.

In the multiple-regression analyses, all dependent vari-
ables (scores on questions of each Bloom’s level, composite 
paper quiz score, final course grade, and confidence) were 
continuous variables. Most independent variables, however, 
were categorical and therefore were dummy coded on each 
component level. Specially, returner students were compared 
with first-time students; study methods (1 or 2) and the de-
gree to which the students utilized them (on all figures or on 
some figures) were compared with study method 1 utilized 
for all figures; students with medical and no research expe-
rience were compared with students with bench research 
experience; and molecular biology lab and microbiology lab 
were compared with biochemistry lab. Grade point average 
(GPA) and confidence were entered as continuous predictors.

To be noted, all multiple-regression models in our study 
were class fixed-effects models. As stated previously, all pa-
pers and quizzes were unique, and students from each class 
might also differ in important ways, for example, in their 
average GPA. Therefore, students from some classes could 
score, on average, significantly higher or lower than students 
from other classes. Including each class as a dummy variable 
accommodated the effects due to differences in paper quiz-
zes or students’ characteristics. As a result, our class fixed-ef-
fects models only compared students with others within the 
same class, but not between classes.

RESULTS

Student Quiz Performance Overall versus Questions 
of a Specific Bloom’s Level
Rather than measuring only overall paper quiz scores, we ex-
amined student performance on questions from all Bloom’s 

levels. The questions on each paper quiz were “Bloomed” 
by multiple faculty members familiar with the classifica-
tion system. Not surprisingly, students scored highest on 
Bloom’s level 1 and 2 questions, which required memoriza-
tion or simple restatements of given information (Figure 1A 
and Table 1). While higher education instructors like to be-
lieve that a strong emphasis is being placed on critical think-
ing, this is often not reflected in classroom assessments, as 
the exams that students often encounter consist mostly of 
fact-recall questions (Momsen et  al., 2010). Student perfor-
mance was significantly lower on Bloom’s level 3–6 ques-
tions compared with Bloom’s 1 and 2 questions (p < 0.001). 
These higher-order questions measure students’ abilities to 
predict an outcome, interpret data, develop novel informa-
tion from a variety of sources, and critique the experimental 
design, respectively (Crowe et  al., 2008), all key aspects of 
paper reading. To determine whether these conclusions were 
discipline specific, we performed the same analysis within 
each course. For each course, we saw the same trends as with 
the overall data, with performance on Bloom’s 1 and 2 ques-
tions significantly higher than performance on the questions 
requiring higher-order thinking (Figure 1B, Table 2, and Sup-
plemental Table S1; p < 0.001).

Figure 1. Overall student performance on paper quiz and perfor-
mance on questions of specific Bloom’s levels. (A) Raw scores from 
nine paper quizzes (three quarters each of microbiology lab, molec-
ular biology lab, and biochemistry lab) are shown. Questions were 
then broken down by Bloom’s level, and performance on each level 
is indicated. Performance on questions of Bloom’s 3–6 was signifi-
cantly lower than Bloom’s 1 and 2 questions (***, p < 0.001). (B) Stu-
dent performance (overall and by Bloom’s level) in each course is 
shown. Performance on Bloom’s 3–6 was significantly lower than 
Bloom’s 1 and 2 questions (***, p < 0.001) in each of the three courses.
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quarters and found their overall scores were significantly 
higher than first-time students, as was their performance on 
questions of multiple Bloom’s levels (Figure 2A and Tables 2 
and S1).

We next determined whether the improvement was due 
to enrollment specifically in our labs containing the primary 
literature module or whether any upper-division lab course 
would produce the observed learning gains. We compared 
the performance of students who had taken one of two other 
heavily enrolled laboratory courses before taking our labs 
(“experienced” students) versus those for whom the micro-
biology, molecular biology, or biochemistry labs were their 
first lab experience (“novice”). Experienced and novice stu-
dents were identical by all statistical measures (unpublished 
data). Despite the fact that the other two lab courses incor-
porated primary literature into the curriculum, although not 
as a core component, the experienced students did not see 
elevated paper quiz scores compared with the novices. In 
fact, experienced students exhibited a statistically significant 
decrease in overall performance and Bloom’s level 6 ques-
tions (Figure 2B). Thus, the longitudinal learning gains seen 
by the returner students illustrate that being exposed to a 
course that involves in-depth discussion of scientific papers 
is sufficient to increase a student’s ability to read and analyze 
primary literature.

Correlation between Study Method and Student 
Performance on Paper Quiz
Students were presented with the assigned paper a week in 
advance of the paper quiz. On the test, we asked students to 
self-report the method by which they prepared. While they 
were encouraged to use methods 1 and 2 described above, 
students were free to study in any manner of their choos-
ing. Students reported whether they studied using method 

To present the remaining statistical analyses accurately, 
we modified how the overall quiz scores were represented. 
Because the composition of exams between the lab courses 
differed slightly (total points, percentage of questions of each 
Bloom’s level, value of each question), and total quiz scores 
are a function of the individual questions making up the test, 
it was necessary to standardize the exams to correctly com-
pare the overall scores between classes. To accomplish this, 
we generated a composite paper quiz comprising the aver-
age points associated with questions from each Bloom’s level 
on all nine paper quizzes. The composite quiz contained 33% 
Bloom’s level 1 and 2 questions, 19% level 3, 21% level 4, 18% 
level 5, and 9% level 6. The mean scores from each class were 
then normalized to this composite quiz (Table 1). The overall 
average in the paper quiz was between 40 and 50%, and we at-
tribute this to the high difficulty level of the quizzes (based on 
feedback from students in the course, teaching assistants for 
the course, and faculty who were not involved in the course).

Comparison of Performance between First-Time and 
Returner Students
As our analysis covered three distinct lab courses, a sub-
set of students chose to take more than one of these cours-
es during the 2012–2013 academic year. For example, one 
could take microbiology lab Fall quarter and then molec-
ular biology lab Winter quarter. While self-selecting, these 
returner students were statistically identical to their first-
time peers in all measured metrics, including student GPA, 
course grade in the previous lab course, research experience, 
and study method utilized on the quiz (unpublished data). 
In addition, returner students did not have higher averages 
on the paper quiz compared with their peers in their first lab 
course (before they were returners). We examined the paper 
quiz scores of returner students in the Winter and Spring 

Table 1. Descriptive statistics of key variablesa

Count Mean SD Minimum Maximum

Final grade 892 7.73 2.35 0.00 12.00
Paper quiz score 889 44.28 11.72 14.06 86.49
Bloom’s levels 1–2 892 78.94 15.86 0.00 100.00
Bloom’s level 3 892 51.50 28.34 0.00 100.00
Bloom’s level 4 890 17.72 19.93 0.00 100.00
Bloom’s level 5 890 13.86 10.76 0.00 50.00
Bloom’s level 6 626 34.25 33.05 0.00 100.00
Confidence in quiz 881 3.57 0.80 1.00 5.00
College GPA 885 3.23 0.42 1.94 4.00
Returner 589 0.18 0.38 0.00 1.00
Method 1 (all figures) 837 0.32 0.47 0.00 1.00
Method 2 (all figures) 837 0.10 0.30 0.00 1.00
Method 1 (some figures) 837 0.22 0.41 0.00 1.00
Method 2 (some figures) 837 0.07 0.25 0.00 1.00
Other method 837 0.29 0.46 0.00 1.00
Bench research 572 0.58 0.49 0.00 1.00
Medical research 572 0.11 0.32 0.00 1.00
No research 572 0.31 0.46 0.00 1.00

aThe values in the table show the actual minimum and maximum values, not the possible range. Final grade was directly converted from the fi-
nal course letter grade, coded from 0 (“F”) to 12 (“A+”). Confidence in quiz understanding was measured on a five-point (1 for least confident, 
5 for most confident) Likert scale. GPA was on a 4.0 scale. Variables including returner status, study methods (method 1 or 2, use of method on 
all figures or partial usage, or other method), and prior research experience were dummy coded as 0s and 1s. In these cases, the mean value 
refers to the fraction of the population in each category.
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during their college career, including both basic science re-
search (bench research) and medical/clinical research. These 
activities involve participation in the scientific method, and 
we would imagine that those with bench research experi-
ence have been previously exposed to the molecular-based 
primary literature that was the focus in these courses. To de-
termine whether there is a link between research experience 
and primary literature reading ability, we asked the students 
to self-report their research background with one of three 
options; whether they had bench research experience, med-
ical research experience, or no research experience at all. By 
analyzing the paper quiz scores in the context of research 
training, we found that those without research experience 
performed similarly to those with experience, but students 
with clinical experience demonstrated a decrease in overall 
quiz scores compared with those with bench research expe-
rience (Figure 3A and Tables 2 and S1). There were no dis-
parities between students with bench or medical research by 
all measured parameters (unpublished data), and thus we 
speculated that the distinctions between these research expe-
riences had a role in the differing paper quiz performances.

We also examined the relationship between perfor-
mance on the paper quiz and overall performance in the 
class. While the paper quiz only accounted for 10% of the 
course grade, there was a very strong correlation between 

1 or 2 for the entire paper, using method 1 or 2 on some of 
the figures in the paper (partial usage), or in their own way. 
Roughly 30% of students prepared with method 1 for the en-
tire paper, 20% with method 2 for the entire paper, 5–10% 
using method 1 or 2 for some figures, and 30% studied with 
their own method. Completely using study method 1 or 2 
(compared with partial use or no use) did not produce a sta-
tistically significant increase in performance (Figure 2C and 
Tables 2 and S1). We did observe a decrease in performance 
when students reported partially using either study meth-
od though. This drop in performance may be due to the fact 
that a complete understanding of the paper was required to 
excel on the paper quiz. It may also be a sign of students 
half-heartedly attempting to understand the article. Thus, 
the longitudinal gains cannot be attributed to the methods 
we encouraged the students to prepare with and instead im-
ply that being introduced to the process of dissecting a paper 
contributed to the increased performance.

Correlation between Academic Ability, Research 
Experience, and Student Performance on the 
Paper Quiz
Nearly two-thirds of biology undergraduates at University 
of California, Irvine, have conducted independent research 

Table 2. Multiple regression analysis in terms of standardized beta coefficientsa

(1) (2) (3) (4) (5) (6) (7) (8)
Bloom’s  

levels 1 and 2
Bloom’s 
level 3

Bloom’s 
level 4

Bloom’s 
level 5

Bloom’s 
level 6

Paper quiz 
score

Final  
grade

Confidence in 
paper quiz

Repeater 0.092* 0.096* 0.051 0.087* 0.051 0.131*** 0.067* 0.057
(0.013) (0.012) (0.158) (0.021) (0.102) (0.000) (0.028) (0.176)

Method 2 (all figures) −0.107** −0.083* −0.041 0.011 −0.022 −0.104** −0.045 −0.087*
(0.006) (0.036) (0.279) (0.774) (0.505) (0.003) (0.158) (0.047)

Method 1 (some figures) −0.040 −0.079 −0.003 0.071 0.055 −0.029 −0.043 −0.034
(0.319) (0.056) (0.936) (0.081) (0.103) (0.419) (0.192) (0.449)

Method 2 (some figures) −0.036 −0.017 0.012 0.024 0.040 −0.005 −0.025 −0.072
(0.345) (0.662) (0.750) (0.533) (0.207) (0.887) (0.416) (0.089)

Other method 0.010 0.010 0.036 0.038 −0.046 0.020 −0.013 −0.093*
(0.808) (0.815) (0.372) (0.370) (0.182) (0.580) (0.697) (0.045)

Medical research −0.062 −0.049 −0.079* −0.022 −0.056 −0.099** −0.025 −0.028
(0.100) (0.205) (0.034) (0.562) (0.075) (0.003) (0.410) (0.505)

No research 0.001 0.022 0.030 −0.028 0.009 0.020 0.062 −0.176***
(0.979) (0.594) (0.452) (0.499) (0.792) (0.571) (0.063) (0.000)

GPA 0.410*** 0.265*** 0.234*** 0.299*** 0.160*** 0.483*** 0.724*** 0.067
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.132)

Confidence 0.105** 0.119** 0.071 0.041 0.134*** 0.166*** 0.071*
(0.007) (0.003) (0.061) (0.293) (0.000) (0.000) (0.026)

Molecular biology lab −0.008 0.195* 0.652*** −0.448*** 0.343*** 0.364*** 0.217*** −0.184*
(0.921) (0.015) (0.000) (0.000) (0.000) (0.000) (0.001) (0.037)

Microbiology lab −0.165* 0.194* 0.134 −0.436*** 0.019 0.001 −0.015 −0.184*
(0.037) (0.017) (0.085) (0.000) (0.770) (0.994) (0.824) (0.040)

Observations 541 541 541 541 541 541 541 541
R2 0.313 0.278 0.335 0.290 0.514 0.460 0.533 0.121

aThe coefficients in the table are standardized beta coefficients. As a result, they are readily comparable in magnitude across rows and 
columns, and the coefficients must be interpreted in terms of SDs. Method 1 (all figures) was used as baseline for comparing against other 
methods. Similarly, students with bench research experience and those enrolled into the biochemistry lab served as the corresponding 
baselines. Coefficients for dummy variables of each specific class were omitted for simplicity; they represented the fixed effects of individual 
classes, which were not of interest in this study.
p Values in parentheses: *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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the two (Figure 3B and Tables 2 and S1). In addition, stu-
dent GPA was a robust predictor of paper quiz performance 
(Figure 3C and Tables 2 and S1). One could imagine that the 

skills required to read primary literature, including hypothe-
sis construction, data analysis, and experimental design, are 
essential for all aspects of a laboratory course, thus allowing 
students who can read papers to excel at all course-related 
tasks. On the other hand, it may be that the most capable 
students can handle any academic challenge presented to 
them. To distinguish between these two possibilities, we ex-
amined the final grade for returner students. As mentioned 
before, in their first lab course taken, these future returner 
students performed identically to their peers (no significant 
difference in both paper quiz score [p = 0.64] and overall 
course grade [p = 0.32]), yet scored higher on the paper quiz 
when enrolling in another of our lab courses (Figure 2A). 
By multiple-regression analysis, these students also earned 
significantly higher grades in the second lab (p = 0.028), im-
plying that the increased training for reading primary liter-
ature assisted with the other course assignments, including 
lab reports and exams requiring data analysis (Tables 2 and 

Figure 2. Student performance on paper quiz based on returner 
statues and preparation method. (A) Overall student performance 
and performance on questions of each Bloom’s level. Returners are 
students who had taken one of the lab courses involved in the study 
in a previous quarter and enrolled in a different lab at a later time. 
The performance in the later quarter was measured for returners. 
First-time and returner students were identical in terms of average 
GPA. Returner students performed identically to their nonreturner 
peers on the paper quiz in their first lab (before they became return-
ers). (B) Overall student performance and performance on questions 
of each Bloom’s level. Experienced students are those who had tak-
en an upper-division lab course that did not include the primary 
literature module utilized in the study classes. Novice students are 
those taking one of the courses included in the study as their first 
biology lab. (C) Overall student scores on the paper quiz are present-
ed based on student study method. Students self-reported how they 
prepared for the quiz. Method 1 required answering four questions 
regarding each figure, while method 2 involved writing summary 
paragraphs for each figure. Partial use of the study method indicates 
that the given method was not used for all figures in each tested 
paper. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Figure 3. Overall student performance on the paper quiz and rela-
tionship to research experience, class grade, and GPA. (A) Overall 
student scores on the paper quiz are presented based on student 
self-reported research experience. (B) Linear-regression analysis il-
lustrating the relationship between course grade and overall paper 
quiz score. (C) Linear-regression analysis illustrating the relation-
ship between student GPA and overall paper quiz score. **, p < 0.01.
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S1). On the other hand, experienced students (those who 
had taken other lab courses previously) and novice students 
(those taking one of our labs as their first lab experience) 
earned similar grades in our courses (p = 0.060). This implies 
that, while prior experience in a lab course is not sufficient to 
raise future performance on lab-related activities, increased 
primary literature comprehension and critical-thinking abil-
ities may do so.

Correlation between Student Confidence and 
Performance on the Paper Quiz
In addition to quiz performance, we asked students to rate 
their agreement with the statement “I am very confident 
that I understand the paper being tested” on a five-point 
Likert scale ranging from 5 = strongly agree to 1 = strongly 
disagree. There are a number of published studies regarding 
student confidence and its relationship with student back-
ground and performance in the classroom (Livengood, 1992; 
Abouserie, 1995; Morgan and Cleave-Hogg, 2002; Gore, 
2006; Valdez et al., 2006). Among these studies, results have 
varied in regard to whether more-confident students exhibit-
ed increased performance on the included assessments.

We first examined whether student confidence was an ac-
curate predictor of overall performance on the paper quiz 
and found that to be the case, as students who were more 
confident earned a higher score on the quiz and on ques-
tions of multiple Bloom’s levels (Figure 4A and Tables 2 and 
S1). In addition, self-reported confidence varied depending 
on student preparation for the quiz and student background 
(Figure 4B and Tables 2 and S1). Confidence and performance 
were correlated for students partially using either study 
method, as they showed both lower paper quiz scores and 
decreased confidence. On the other hand, the use of method 
1 and 2 did increase confidence but did not result in a sta-
tistically significant increase in quiz score. Confidence was 
related to the student’s research background, as students 
with research experience (bench or medical) had greater con-
fidence in their understanding of the paper (Figure 4C and 
Tables 2 and S1). This was surprising, as research experience 
did not correlate with increased performance on the paper 
quiz. Returner students and students with a higher GPA 
reported an increase in confidence but not to a statistically 
significant degree (Figure 4, D and E, and Tables 2 and S1).

DISCUSSION

As far as we know, this is the first study to demonstrate a 
longitudinal increase in the ability to understand and criti-
cally analyze a paper as a result of a specific classroom inter-
vention. In addition, we present a comprehensive analysis 
regarding the factors involved in a student’s ability to read 
and dissect primary literature across multiple biology disci-
plines. The above conclusions were true not only in aggre-
gate, but similar trends were identified when analyzing the 
data for each specific course (Figure 1B and Tables 2 and S1). 
This illustrates that successfully reading papers and learning 
how to critically analyze them is a discipline- and instruc-
tor-independent activity.

Of significance, we demonstrated that learning gains ac-
quired from one course were reflected as an increase in paper 

quiz performance in later quarters (Figure 2A). The CREATE 
method is one of the most well-documented techniques to 
improve student primary literature reading abilities in bi-
ology education, with data showing that it is beneficial for 
students in various courses and at different educational 
levels (Hoskins et  al., 2007; Hoskins, 2008; Gottesman and 
Hoskins, 2013). Despite this, it is not yet known whether the 
documented gains are still present after leaving the course in 
which the CREATE method was introduced.

Surprisingly, students with research experience did not 
score higher on the paper quiz than their peers without re-
search experience. There have been multiple studies illustrat-
ing that students who partake in research report improved 
critical-thinking abilities and an increased interest in science 
or enroll in graduate school at higher rates (Lopatto, 2004, 
2007; Seymour et al., 2004; Russell et al., 2007; Rios-Velazquez 
et  al., 2011). These studies tend to follow well-structured, 
highly monitored research opportunities, which unfortu-
nately are not representative of many undergraduate re-
search programs, especially at large universities. A research 
experience can vary greatly, from a student working on an 
independent project to a student acting as a laborer without 
any knowledge about how his or her data contribute to the 
lab’s research question. Our results illustrate that research 
experience alone may be insufficient to increase student 
comprehension of primary literature and that it is import-
ant for faculty, postdoc, or graduate student mentors to fo-
cus not only on training students to perform techniques but 
also to think about their research experiences in the context 
of the scientific method and the existing literature. In addi-
tion, our data highlight the distinction between clinical and 
bench research. Students working in a clinical setting often 
are conducting research related to psychology and patient 
care rather than the molecular underpinnings of a cell. This 
research, while valuable, may not produce a greater under-
standing of primary literature discussed in molecular biol-
ogy–based labs.

Overall, we observed a positive correlation between per-
formance and confidence (Figure 4A). We attempted to dis-
sect the relationship between performance and confidence, 
which in past studies has produced varying results (Abou-
serie, 1995; Morgan and Cleave-Hogg, 2002; Valdez et  al., 
2006). This may be due to the fact that confidence is a very 
intricate concept, which is dependent on a number of fac-
tors. We created the following model, which ties together the 
relationship between confidence and performance and the 
role that outside factors have on confidence, based on our 
data (Figure 5A). We believe confidence to be a function of 
a student’s prior experience, present work in a given course, 
self-expectation, and perceptions of course content and diffi-
culty of the assigned task. In our model, “prior experience” is 
the student’s ability to read and analyze a primary literature 
article before enrolling in the course. “Present work” is the 
learning gains obtained while studying for the paper quiz, 
and “self-expectation” is the grade that students believe they 
will earn on the quiz. Together, prior experience and present 
work dictate actual understanding and thus should correlate 
with performance on the paper quiz. The term “perception,” 
in our model, includes the stereotypes associated with var-
ious student activities. For example, students may perceive 
that utilizing the prescribed study methods will increase 
learning, because the instructor recommended them.
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well as higher expectations, thus these terms will cancel each 
other out and will produce a similar ratio to low-performing 
students (Figure 5B). Similar conclusions can be made regard-
ing returner students (Figure 5B). Our data then imply that 
the perception is that neither group has an advantage; thus 
the perception value and overall confidence do not increase. 
On the other hand, study method did impact confidence, 

Despite the overall correlation between confidence and 
performance, this was not evident through all measured pa-
rameters. From our study, we observed that students with 
higher GPAs and returners earned higher scores on the paper 
quiz yet did not exhibit greater confidence. Students with 
higher GPAs tend to have increased knowledge (both from 
previous experience and due to their class preparation) as 

Figure 4. Examining the relationship between student performance on the paper quiz, student background, and self-reported confidence. 
(A) Overall student scores on the paper quiz are separated based on student self-reported confidence regarding knowledge of the paper. This 
confidence was reported before taking the paper quiz. Confidence is treated as a continuous variable. Regression analysis shows that confi-
dence is significantly associated with performance (p < 0.0001). The top of each box represents the 75th percentile, while the bottom of each 
box represents the 25th percentile. Whiskers (or inner fences) are positioned at 1.5 times the interquartile range below and above the first and 
third quartiles. Any points beyond the whiskers are suspected outliers. Postregression diagnostics indicates that suspected outliers are not in-
fluential cases and hence do not raise serious concern for the analyses. (B) Self-reported student confidence displayed based on the method of 
preparation used by the student. (C) Self-reported student confidence displayed based on the student’s research experience. (D) Self-reported 
student confidence displayed based on whether the student is taking one of the included lab courses for the first time. (E) Self-reported student 
confidence displayed based on the student’s GPA. *, p < 0.05; ***, p < 0.001.
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assumptions regarding prior experience, present work, 
self-expectation, and perception for students of all back-
grounds.

The longitudinal gains we have established stress the im-
portance of focusing on program-wide changes, rather than 
the single interventions that have been shown to increase 
learning in the short term. Although more than 90% of our 
students reported encountering scientific papers in previ-
ous courses, these experiences tended to consist primarily 
of students being assigned papers to complement their in-
class or textbook learning with no follow-up assessment or 
discussion on methods for approaching primary literature. 
Altering the lab curriculum was beneficial for student litera-
ture comprehension and analysis skills, and expanding this 
to lower- and upper-division lecture courses will likely pro-
duce even more positive benefits. By creating program-wide 
change to augment student exposure to primary literature, 
we can increase our students’ higher-order thinking abilities, 
which are essential to all STEM fields.

mainly, we believe, due to the perception that instructor-rec-
ommended techniques must be beneficial (Figure 5C).

Those with a research background displayed higher con-
fidence, yet there was no significant difference in perfor-
mance. Students with research experience likely believe 
that they should be superior at reading scientific literature, 
increasing the perception value and overall confidence. 
But students with medical research are unlikely to have 
covered relevant material, so despite the increase in per-
ception, the prior experience factor for medical research 
students is lower. This explains why confidence is high 
with medical research, yet performance is unaffected. Stu-
dents without research experience, on the other hand, will 
have a lower perception and thus decreased confidence, 
which may result in an increased work ethic, a higher pres-
ent work value, and thus higher performance compared 
with research students. Confirmation of this model will 
require follow-up studies in which we will include ques-
tions on the paper quiz that are capable of confirming our 

Figure 5. Confidence model. (A) Model describing the relationship between student confidence, performance on a primary literature–based 
quiz, and educational background. (B) Proposed model to explain why confidence did not change based on GPA and returner status. (C) Pro-
posed model to explain why confidence changed based on study method.
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