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ABSTRACT

Science instructors are increasingly incorporating teaching techniques that help students
develop core competencies such as critical-thinking and communication skills. These core
competencies are pillars of career readiness that prepare undergraduate students to suc-
cessfully transition to continuing education or the workplace, whatever the field. Course-
based undergraduate research experiences that culminate in written research papers can
be effective at developing critical-thinking and communication skills but are challenging
to implement as class size (and student-to-instructor ratio) grows. We developed a hier-
archical mentoring program in which graduate student mentors guided groups of four
to five undergraduate students through the scientific process in an upper-level ecology
course. Program effectiveness was evaluated by grading final research papers (including
previous year papers, before the program was implemented) and surveys (comparing to
a course that did not implement the program). Results indicated that primary benefits
of hierarchical mentoring were improvements in perceived and demonstrated ability in
data analysis and interpretation, leading to a median increase in paper score of ~10% on a
100-point scale. Future directions indicated by our study were a need to incorporate more
approaches (e.g., low-stakes writing exercises) and resources into a revised program to
improve outcomes for students whose primary language is not English.

INTRODUCTION
It is becoming increasingly recognized that, to prepare undergraduate students for
careers in biological sciences, they need more than a “textbook” understanding of
biological terms and concepts. A report by the American Association for the Advance-
ment of Science (AAAS, 2011) asserted that curricula should develop “core competen-
cies,” including the ability to apply the process of science (e.g., hypothesis testing); use
quantitative reasoning (e.g., applying statistical methods); communicate and collabo-
rate (e.g., scientific writing); and understand the relationship between science and
society (see Clemmons et al., 2019). These goals are not to the exclusion of mastering
fundamental disciplinary knowledge; improvement in critical-thinking and communi-
cation skills is strongly, positively related to subject matter learning (Rivard, 1994;
Bean, 2011; Reynolds et al., 2012; Merkle, 2019). Even beyond demonstrated compe-
tency, students’ perceptions of their abilities is a strong predictor of persistence in
science, technology, engineering, and mathematics (STEM) fields (Simon et al., 2015).
In this paper, we describe the implementation of an educational innovation in the life
sciences—a writing mentorship program—that incorporates research experience and
community building (AAAS, 2011), and we test whether mentoring increased per-
ceived ability and demonstrated effectiveness of undergraduate science writers.
Scientific writing involves many steps and skills, creating a challenge for under-
graduate students who have had little opportunity for practice (see Sampson and
Walker, 2012). Furthermore, students’ opinions about the writing process could
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decrease their confidence and effectiveness (Zhang and Cheung,
2018; Dowd et al., 2019). The many steps involved in writing a
research paper include: defining the research question and
hypothesis, designing the experimental test, searching data-
bases for and reading primary literature, collecting and manag-
ing data, conducting statistical analyses, interpreting statistical
results, conveying results in the context of primary literature,
and, finally, crafting an interesting “story.” Reynolds et al.
(2012) proposed that, as opposed to focusing on learning to
write, there is great potential in a writing-to-learn model, in
which students move from memorizing facts to understanding
scientific concepts throughout the writing process (also see
Rivard, 1994). Indeed, each step in the writing process contrib-
utes to “core competencies” in its own right (AAAS, 2011;
Clemmons et al., 2019), culminating in a product that demon-
strates the students’ abilities to think critically and communi-
cate their new scientific knowledge (Reynolds et al., 2012;
Brownell et al., 2013; Dowd et al., 2019). However, despite rec-
ommendations (AAAS, 2011; Clemmons et al., 2019), few
courses are designed to improve learning outcomes related to
communication (Brownell et al., 2013). It is particularly import-
ant to consider the challenges of multilingual learners who are
developing language skills while grappling with the challenges
of disciplinary learning (Van Roekel, 2008).

In addition to the challenges faced by students, instructors
are challenged to develop curricula for teaching disciplinary
fundamentals, data-collection techniques, and science writing
within the timeline of a university term, which may be as short
as a 10-week quarter. To accommodate this, courses may be
built around independent research projects based on novel but
unpublished data sets that are not—or are only partially—gen-
erated by the students themselves. In a course-based under-
graduate research experience (CURE; Brownell et al., 2015;
Dolan, 2017, p. 3), “whole classes of students address a research
question or problem with unknown outcomes or solutions that
are of interest to external stakeholders.” CUREs can be scaled
up to provide many of the same benefits of lab-based under-
graduate research experiences, including developing students’
critical-thinking skills and increasing students’ motivation to
communicate research results, but for cohorts of students rather
than individual apprentices (Dolan, 2017). However, it is likely
that these benefits are related to the instructor-to-student ratio.
Ideally, the instructor provides individualized feedback at mul-
tiple steps (perhaps proposal and rough-draft stages) of this
process, but this feedback is most likely to be written and con-
cise, with the addition of beneficial verbal (Salamone, 2020)
and reciprocal feedback (Evans and Hartshorn, 2010) depen-
dent on time constraints and student proactiveness.

We endeavored to address many of these challenges, faced
by students and instructors alike, in teaching science writing by
initiating a writing mentorship program. Mentoring has been
repeatedly shown to benefit college students in terms of several
indicators and drivers of success, including academic perfor-
mance, social integration, and persistence in STEM careers
(McGee, 2001; Crisp and Cruz, 2009; Gershenfeld, 2014). The
SWIM (Science Writing Integrated Mentoring) program was
built on a hierarchical mentoring model, in which mentoring
occurs at three or more levels (rather than only between the
instructor and undergraduate students). There is some evidence
that hierarchical mentoring can promote undergraduate success,
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particularly of underrepresented minorities in STEM fields (Wil-
son et al., 2011). Benefits of hierarchical mentoring include
building confidence in mentees and the increased scholarly pro-
ficiency of mentors that comes with teaching (McGee, 2001).

In this study, we addressed the question: Does hierarchical
mentoring increase science writing confidence and effective-
ness? Here, we define effective science writing as clearly and
accurately communicating information, which comprises
aspects of composition (grammar, structure), data analysis and
interpretation, and grounding in science theory (also see Yore
et al., 2004). We hypothesized, first, that confidence would be
directly related to the level of mentoring, predicting that confi-
dence (as indicated by changes between pre- and postclass sur-
veys) would increase more for students in the mentoring pro-
gram than those in a comparison class that did not receive
additional mentoring. Second, we hypothesized that writing
effectiveness would be related to the level of mentoring, pre-
dicting that effectiveness (indicated by score on a grading
rubric) would be higher for students taking the course the year
the mentoring program was implemented than for those attend-
ing the year before its initiation. Finally, we predicted that men-
tors would report benefits consistent with the research and
teaching objectives of their graduate programs. In our analyses,
we incorporated additional factors that we anticipated could
influence outcomes, particularly whether English was a stu-
dent’s primary language.

METHODS

The SWIM (Science Writing Integrated Mentoring) Program
The SWIM program was implemented at University of Califor-
nia, Irvine (UCI) in Fall 2018 in an upper-division ecology class,
Population and Community Ecology. In this program, under-
graduate students were mentored by two groups—graduate
students and the instructor—with the instructor also providing
mentoring guidance to the graduate students. Graduate student
SWIM mentors provided data sets to undergraduate students
and assisted the mentees in writing their research papers. SWIM
mentors were recruited via email from the Department of Ecol-
ogy and Evolutionary Biology PhD program. Mentors were
responsible for contributing a data set for analysis and commit-
ting a total of 25 hours during an academic term per an estab-
lished schedule (Table 1). Mentors were selected after review of
a cover letter, curriculum vitae, and writing sample, and they
received compensation in the form of research funds ($500)
from an education grant. One of the main anticipated strengths
of this program was that undergraduate students would work
with data sets collected by their research mentors. These data
sets were by definition appropriate for CUREs, because they
were part of original, unpublished research projects underway
in order to address issues of societal relevance (Dolan, 2017).
Thus, because mentors would be intimately familiar with the
study systems, we anticipated that this would enhance their
ability to assist with finding relevant references, analyzing data,
and interpreting results. At the same time, the mentors were
expected to benefit from the opportunity to dive deeper into
their own data sets through the diverse “new eyes” of the under-
graduate mentees. Although undergraduate student writing
was used for the course only (not for publication), continuing
collaborations were possible and encouraged. Graduate student
mentors also gained experience in training and pedagogy
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TABLE 1. Curriculum for SWIM mentoring program implemented in an upper-level ecology class with undergraduate student activities
and due dates shown on the left and activities involving mentors (as well as number of hours allotted) shown on the right

Week Class Course topic/activity Project due dates SWIM mentor activities? Hours
1 1 Introduction to population ecology
Scientific writing and publication Mentor orientation meeting and survey
2 3 Life history Email readings to mentees by end of week;
prepare project data set
4 Population growth
3 5 Populations dynamics Discuss readings; introduce data set; 1.5
brainstorm research questions
6 Population persistence and Proposal draft due to SWIM mentor Review proposal drafts; provide comments 2
metapopulations via email by end of day before class
4 7 Introduction to community ecology Meet for verbal clarification of comments 1
8 Quiz 1
5 9 Data management and analysis Proposal due to instructor
10 Community interactions: competition
6 11 Community interactions: predation Assist with interpretation of instructor 1.5
comments on proposal; start data
analysis
12 Community interactions: facilitation Data analysis due to SWIM mentor Review figures and data analysis; provide 3
comments via email by end of week
7 13 No class—replaces time for field
surveys
14 Community interaction webs Rough draft due to SWIM mentor ~ Review paper draft; provide comments via 5
email by end of day before class
8 15 Community diversity Meet for verbal clarification of comments 1
16 Project work session (optional) Rough draft due to instructor
9 17 Community development
18 Biogeography and macroecology Peer reviews due in class Group peer-review session: assist with 2
interpretation of comments from
instructor and peer reviewer
10 19 Quiz 2 Assist with final revisions via email or in 2
person, as needed
20  Conservation applications field trip
Final Final poster session Poster due in class Attend final project poster session
Final draft due Mentor postclass meeting and survey
Additional emails throughout the term
Total hours for mentors 25

In-class mentoring activities are shaded in gray.

(Dolan and Johnson, 2009; Limeri et al., 2019): each mentor
advised a team of four to five undergraduate students, and
in-class group meetings (Table 1) were intended to promote
idea sharing and horizontal mentoring among peers (e.g., Jin
et al., 2019). Table 1 details the time spent and order of mento-
ring activities, as well as the steps and formats in which men-
tors gave feedback.

Assessment

We assessed impacts of the SWIM program via comparison with
two groups that did not participate in the program. Writing con-
fidence was compared between students in the SWIM program
and students in a second upper-division ecology class (Field
Biology) that did not implement the SWIM program. Writing
effectiveness was compared between students who took Popu-
lation & Community Ecology in 2018 (the year the SWIM
program was implemented) and the previous year (2017,
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before program implementation). There was one section of
each course, and Population & Community Ecology was taught
by the same instructor (C.J.B.S.) and teaching assistant in
both years, while Field Biology was taught by two instructors
(including J.D.P). Evaluation of this program was determined
to be exempt by the UCI Institutional Review Board (human
subjects research project no. 2018-4595), and both undergrad-
uate students and graduate mentors were provided with study
information and opt-out procedures before data collection.
Writing confidence was assessed through surveys (Table 2).
We evaluated differences between SWIM students (treatment
group that received mentoring) and a similar upper-division
ecology class, Field Biology (comparison group without mentor-
ing). These courses were similar in that they were both upper-di-
vision ecology classes (respectively, 100 and 95% of students
were fourth and fifth years) that culminated in independent
research projects. However, Population & Community Ecology
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TABLE 2. Survey questions used to assess perceptions and attitudes about science in general and writing in particular®

Science skills (1 = none, 2 = little, 3 = some, 4 = much, 5 = extensive)
Run statistical tests (in any computer program)

Make figures (in a program such as Excel)

Complete problem sets in small groups

Write a research proposal

Design a study or experiment that follows up on one I read about
Read scientific papers (also called the “primary literature”)
Present results orally

Analyze data

Find primary literature articles relevant to a particular question
Give poster presentations

Develop a logical argument

Enter and format data (in a program such as Excel)

Conduct a lab or field study that is designed by the instructor
Write a research paper or report

Conduct a lab or field study entirely of student design

Use functions for calculations (in a program such as Excel)
Critique the work of other students

Complete problem sets individually

Recognize a sound argument and appropriate use of evidence

Collect data

Writing confidence (1 = almost always, 2 = often, 3 = sometimes, 4 = occasionally, 5 = almost never)
My teachers are familiar with so much good writing that my writing must look bad by comparison.
I've seen really good writing, but my writing doesn’t match up to it.

I think my writing is good.

I think of my instructors as reaching positively to my writing.

Writing is a very unpleasant experience for me.

I enjoy writing, though writing is difficult at times.

I like having the opportunity to express my ideas in writing.

I'm not sure at times, how to organize all the information I have collected for a paper.

Writing on topics that can have different focuses is difficult for me.

I have trouble deciding how to write on issues that have many interpretations.

To write essays on books and articles that are very complex is difficult for me.

I have trouble with assignments that ask me to compare or contrast or to analyze.

I run over deadlines because I get stuck while trying to write my paper.

I have to hand in assignments late because I can’t get the words on paper.

Each sentence I write has to be just right before I'll go on to the next.

When I write, I'll wait until I've found just the right phrase.

I find myself writing a sentence, then erasing it, trying another sentence, then scratching it out. I might do this for some time.
My first paragraph has to be perfect before I'll go on.

While writing a paper, I'll hit places that keep me stuck for an hour or more.

At times, I find it hard to write what [ mean.

At times, my first paragraph takes me over 2 hours to write.

Starting a paper is very hard for me.

At times, I sit for hours unable to write a thing.

Some people experience periods when, no matter how hard they try, they can produce little, if any, writing. When these periods last for a
considerable amount of time, we say the person has a writing block. Estimate how often you experience writer’s block.

(Continues)
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TABLE 2. Continued
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Attitudes about science (1 = strongly disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree)

I get personal satisfaction when I solve a scientific problem by figuring it out myself.

Being able to write well is an essential skill that I will use throughout my life.

Students who are not majoring in science should not have to take science courses.

I can do well in science courses.

If an experiment shows that something doesn’t work, the experiment was a failure.

I wish science instructors would just tell us what we need to know so we can learn it.

The process of writing in science is helpful for understanding scientific ideas.

I can do well in non-science courses.
Select “strongly disagree” as your answer to this question.
Creativity does not play a role in science.

Even if I forget the facts, I'll still be able to use the thinking skills I learn in science.

Explaining science ideas to others has helped me understand the ideas better.

Scientific experts are the only members of the public who are qualified to make judgments on scientific issues.

There is too much emphasis in science classes on figuring things out for yourself.

Science is essentially an accumulation of facts, rules, and formulas.

The main job of the instructor is to structure the work so that we can learn it ourselves.

aSurveys were conducted in the first and last week of the 10-week term for students who received SWIM mentoring (Population & Community Ecology course) and those

in a course without mentoring.

included significant ecological theory, while Field Biology was
more methods focused. As upper-division writing courses, both
courses (Population & Community Ecology and Field Biology)
fulfilled UCI expectations that instructors would provide train-
ing in discipline-specific writing practices and that students
would write papers totaling more than 4000 words, receiving
feedback and having the opportunity for revision. In both Popu-
lation & Community Ecology and Field Biology, students wrote
research papers based on a self-defined question, although the
sources of these data differed. In Field Biology, papers focused
on data collected independently or as a class (intertidal field
surveys or a desert ant experiment). In the SWIM program, data
were collected and provided by the graduate mentors; however,
it is interesting to note that most students had experience in
collecting similar data, because the class included a field experi-
ence conducting intertidal surveys, and five of the six graduate
mentors were intertidal ecologists. In addition, because Field
Biology was a required course for the ecology and evolution
major, and both courses were taught in the same term (Fall
2018), there were more ecology and evolution majors in Field
Biology, while most Population & Community Ecology students
were majoring in general biology. Two students took both classes
concurrently and were only included in the SWIM (treatment)
group for these evaluations. Thus, our analyses related to sci-
ence writing confidence included 48 students total: 28 students
(no ecology and evolution majors) from the SWIM course (Pop-
ulation & Community Ecology) and 20 students from the non-
SWIM course (Field Biology), of which nine (43%) were ecology
and evolution majors.

We investigated impacts of the SWIM program on writing
effectiveness through performance on a written final paper. We
compared paper scores for students who took the Population &
Community Ecology course during the year SWIM was imple-
mented (2018) with those for students who attended the year
before implementation (2017). The independent research proj-
ect (and component assignments: proposal, rough draft, and
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final draft) was largely consistent between years, except that all
students used the same data set in 2017 (from intertidal field
surveys). The primary difference in course content was that
time devoted to the SWIM program in 2018 was used for stu-
dent-led paper discussions in 2017, and related shifts in grade
accounting led the student project to increase in importance to
the overall class grade from 40% in 2017 to 50% in 2018. There
were also differences in the length of class meeting time (3 vs.
4 hours per week in 2017 and 2018, respectively). Our analyses
related to writing effectiveness included 46 total Population &
Community Ecology students: 28 students (no ecology and evo-
lution majors) from the 2018 cohort with mentoring and 18
students (four, or 22%, of whom were ecology and evolution
majors) from the 2017 cohort without mentoring. Students
whose primary language was not English represented, respec-
tively, 39 and 25% of the cohorts with and without mentoring.

Data Collection

We evaluated writing confidence using surveys conducted at
the beginning (first week of class) and end (last week of class)
of the academic term in both the course with mentoring (Popu-
lation & Community Ecology) and without mentoring (Field
Biology; Table 2 and Appendix 1 in the Supplemental Material).
The survey was adapted from the Student Assessment of their
Learning Gains website (https://salgsite.net, which includes
information on survey validity at https://salgsite.net/about)
and the Classroom Undergraduate Research Experience Survey
(CURE Survey) by D. Lopatto (available at www.grinnell.edu/
academics/resources/ctla/assessment/cure-survey). We included
self-assessment questions related to 1) perceived scientific abil-
ity/experience (which included skills in three subcategories:
experimental design, data analysis, and science communica-
tion), referred to in this paper as writing “confidence”; 2) writ-
ing attitudes/behaviors; and 3) opinions about science in gen-
eral. Questions for each section were answered on a five-point
Likert scale (Table 2). The postclass survey included questions
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about perceived benefits of each class (also based on the CURE
Survey by D. Lopatto), and SWIM students also answered ques-
tions specifically regarding satisfaction with the SWIM program.
Surveys were conducted in class on paper, except for the survey
at the end of the term in the course without mentoring (Field
Biology), which was conducted electronically. It is important to
note that survey results are highly subjective and difficult to
standardize between students, in part due to differential inter-
pretation of the response scale (e.g., “small gain” vs. “large
gain”). Here, we restrict our conclusions to the relative percep-
tions of students between groups that did and did not receive
mentoring, acknowledging that we are unable to ensure that
this subjectivity is randomly distributed between groups. Fur-
thermore, throughout the text, we refer to perceived abilities
when results are based on survey data and demonstrated abili-
ties when results are based on instructor evaluation, given that
student self-assessments often vary greatly from more objective
assessments (Falchikov and Boud, 1989; Deslauriers et al.,
2019).

Writing effectiveness was quantified as performance on the
final paper and compared between 2018 (with mentoring) and
2017 (without mentoring) students. We developed a rubric
(Appendix 2 in the Supplemental Material) based initially on
the one used and provided to students in class with two main
additions. First, to increase objectivity, particularly between
graders, we increased the number of scoring criteria within
each heading and articulated what was required to achieve
each point value. Second, we associated these criteria with spe-
cific indicators of science writing effectiveness: writing compo-
sition (the “nuts and bolts”), data analysis and interpretation,
and demonstrated understanding of ecological theory. Thus,
the rubric given to the students was different (less detailed)
than that used for the grading in order to be consistent between
years (2018 and 2017, before this study was conceived).

Papers were graded by three of us (A.K.H., N.M.A.-R., J.D.P),
and we began by calibrating our assessments based on the
grading rubric with a random sample of five papers. N.M.A.-R.,
who was not an instructor for any of the courses, deidentified
and assigned a random identifier to each student paper. Subse-
quently, all papers were evaluated by two of the three graders,
as well as the third grader in the 15 cases where the difference
between the first two graders’ scores was more than 10 points
out of 100. The first two graders were assigned using a strati-
fied randomization to ensure graders each read the same pro-
portion of papers from both years of the course (2018 with
mentoring and 2017 without mentoring) and of students who
did not identify English as their primary language (5/18 and
11/28 students in 2017 and 2018, respectively). The average
scores across all graders were used in the analyses, with total
score across the three categories indicating overall writing
effectiveness.

Finally, we informally collated mentors’ motivations for par-
ticipating in the SWIM program, as well as satisfaction with and
challenges of the program, using surveys conducted at the
beginning and end of the term (Appendix 3 in the Supplemen-
tal Material).

Data Analysis

To assess whether SWIM program participation led to gains in
science writing confidence, we first excluded students who
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incorrectly answered the control question (“select strongly dis-
agree as your answer to this question”) as well as students who
skipped (however inadvertently) entire pages of the survey.
This led us to exclude 10 students for a final comparison of n =
21 and 18 students in the groups with mentoring and without
mentoring, respectively. We then calculated individual-level
(paired) change in Likert score for each individual question. We
also averaged Likert scores for each of the categories (science
skills, writing behaviors, science opinions) and science skills
subcategories (experimental design, data analysis/interpreta-
tion, and science communication) and calculated medians (for
each category and subcategory) of the individual-level changes.
Finally, we conducted Mann-Whitney tests for each question
and category between the course with mentoring and the com-
parison course without mentoring. Given the large number of
statistical tests, we used Bonferroni-corrected p values in all of
the writing confidence analyses to assess statistical significance.
We report significance at both the level of p < 0.05 and the Bon-
ferroni-corrected level.

We tested for internal consistency of our survey data, broken
down by category and subcategory. Survey responses catego-
rized as science skills and writing confidence had high internal
consistency (Cronbach’s alpha; o = 0.875, oo = 0.908, respec-
tively). Science opinions were less internally consistent (o0 =
0.680), reflecting a more varied set of questions. All subcatego-
ries of science skills were above or near o = 0.7 as well (data
analysis, oo = 0.674; science communication, o. = 0.743; experi-
mental design, oo = 0.722), which indicates acceptable consis-
tency given the low number of questions in each subcategory.
We concluded that these categorical summaries reliably reflect
underlying confidence and attitudes among respondents.

To evaluate the effect of the SWIM program on writing effec-
tiveness, we used a Mann-Whitney nonparametric test to quan-
tify the impact of course (2018 with mentoring vs. 2017 with-
out mentoring) on overall paper score, as well as the
subcategories of writing composition, data analysis/interpreta-
tion, and ecological theory. We also evaluated the effects of
additional factors that we hypothesized could influence writing
effectiveness, including primary language (English only, another
language only, or both English and another language), gender,
declared major, and underrepresented minority and first-gener-
ation college student status (both as yes or no) using a general-
ized linear model (GLM). Mann-Whitney (M-W) tests were con-
ducted in R (R Core Team, 2019), while generalized linear
model analyses (Proc GENMOD) were conducted in SAS v. 9.4.

RESULTS

Impacts of Mentoring on Science Writing Effectiveness
Students who participated in the SWIM program tended to
write more effectively (score higher) on their final paper than
those who took Population & Community Ecology in 2017, the
year before the SWIM program was implemented (M-W p =
0.081; Figure 1). Median paper scores increased by almost
10%, from 71.9% [68.9, 80.2] (median [95% CI]) without
mentoring to 81.4% [76.1, 85.4]) with mentoring. Increased
overall effectiveness was driven by improvement in data inter-
pretation (M-W p = 0.014), with relatively minor changes in
writing composition ability (M-W p = 0.220) and ability to
demonstrate understanding of fundamental ecological theory
(M-W p = 0.090). Across these three categories of writing
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FIGURE 1. Frequency of overall paper scores for students (n = 28)
who participated in the SWIM mentoring program (black) and
those (n = 18) who took the course the previous year without
mentoring (gray). Median scores and 95% confidence intervals are
shown in dashed and dotted lines, respectively.

effectiveness, students whose first language was not English
scored lower in writing composition (GLM p = 0.048) but did
not score differently in data interpretation (GLM p = 0.897),
ecological theory (GLM p = 0.503), or overall writing effective-
ness (GLM p = 0.306).

Impacts of Mentoring on Science Confidence and Opinions
Students in both the SWIM mentoring program and compari-
son group without mentoring (Field Biology) reported an
increase in perceived ability and experience in science skills,
including across all three subcategories of planning, execut-
ing, and communicating scientific research (Figure 2 and Data
Set 1 in the Supplemental Material). On a scale where 2/3/4
were equivalent to little/some/much ability and experience,
overall science skills score increased from a mean of 2.99
(£0.57 SD) to 3.87 (£0.53) in the group with mentoring and
from 3.19 (+0.46) to 3.77 (£0.48) in the group without men-
toring. For overall science skills, as for the three subcategories,
SWIM student scores started slightly (but not significantly)
lower than those of the group without mentoring and ended
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higher (but not significantly so; Figure 2 and Data Set 1 in the
Supplemental Material). After correcting for multiple compar-
isons, activities for which there was significant improvement
in survey scores between the first and last week of the term for
both groups included writing a research proposal and design-
ing an experiment that follows up on one they read about (p <
0.001; Data Set 1 in the Supplemental Material). In addition,
SWIM participants also reported an increase in perceived abil-
ity and experience with conducting a lab or field study entirely
of student design (from 1.96 to 3.33) and data analysis (run-
ning statistical tests; from 2.57 to 3.76). There were no signif-
icant changes in attitudes about writing or science opinions in
either class (Figure 2 and Data Set 1 in the Supplemental
Material).

Participant Perspectives on Mentoring Program Outcomes
Undergraduate students participating in the SWIM program
perceived an overall “moderate” gain in science skills and abil-
ities based on a survey of benefits administered at the end of
the term (Table 3). For SWIM students, average gain across
categories was 3.17 (on a scale of 2 = small, 3 = moderate, and
4 = large gain). Largest gains were reported in “ability to ana-
lyze data” (3.76) and “understanding of the research process in
your field” (3.76). Areas where SWIM students tended to per-
ceive larger gains than the group without mentoring were in
“ability to read primary literature” and “skill in science writ-
ing.” However, there were no significant differences between
courses, with the group without mentoring (Field Biology stu-
dents) reporting an average across categories of 3.45 and
larger gains than the SWIM group in “clarification of a career
path” (which we discuss later in relation to differing student
populations).

The six graduate student mentors described their goals of
participating in the SWIM program as increasing mentoring
experience and skills, further analyzing their data sets, and
learning “more about the pedagogy of active teaching” (Data
Set 2 in the Supplemental Material). After the program, when
asked to describe the most beneficial aspect of participating in
the program, mentors focused on developing their mentoring
skills along with benefits that were not articulated in the pre-
class surveys. Two mentors brought up the value of “getting to
work with a diverse group of students” and “seeing students ...
analyze the data differently than expected,” with four of six
mentors strongly agreeing (and one agreeing, one neutral) that
their “teaching and mentoring styles ha[d] become more diver-
sified.” In addition, mentors described benefits of developing
their own skills in scientific writing. Time management was a
challenge for some mentors (two of six mentors found that
responsibilities took longer than the time allotted). Challenges
identified by graduate student mentors were: motivating stu-
dent mentees to be creative in their topics, motivating students
to take initiative and request feedback in a timely manner, guid-
ing a set of students with diverse baseline knowledge, and com-
pleting their mentorship with limited in-person meeting time.
All mentors found participating in the program to be a valuable
experience (three agree, three strongly agree) and would con-
sider participating again in the future (one maybe, three likely,
two very likely), with none indicating that the compensation
was inadequate. Mentor suggestions for improving the program
included more frequent, shorter meetings with their groups
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FIGURE 2. Distribution of per-student mean Likert scores from surveys administered in the first (before) and last (after) week of the term,
in a course with mentoring (black) and a comparison group without mentoring (gray). Students were asked to rank their ability/experience
with course activities, frequency of writing behaviors, and opinions about science based on the questions and scales in Table 2. Values
shown are medians (dark bars), 95% Cls (edges of notch), interquartile ranges (ends of boxes), and maximum and minimum values (bars;
when values extended more than 1.5 times the interquartile range, they are shown as data points). Values are based on a mean of all
questions within each category or subcategory for each student (n = 21 with mentoring and n = 18 without mentoring). Asterisks indicate
significant changes (p < 0.05) over the duration of the course based on Mann-Whitney tests.

(including some individual meeting time), as well as the need
for training and resources to support students for whom English
is not their primary language.

DISCUSSION

Our results indicated that hierarchical mentoring increased per-
ceived and demonstrated ability in science writing, particularly
the data analysis and interpretation components. By improving
in this area, students who took the Population & Community
Ecology course the year that the SWIM program was imple-
mented earned a median paper score that was a full letter grade
higher than those who did not participate in the program
(Figure 1), leading to greater success in the course as a whole.
Even more importantly, these gains indicate improvement in
skills at the foundation of critical thinking, which is itself a core
aspect of career readiness that is transferable between disci-
plines and sectors.

19:ar23, 8

Increases in communication effectiveness—based on rubric
scores averaged across two to three objective graders—were
due to improvement in data analysis and interpretation but not
changes in composition ability or level of demonstrated under-
standing of ecology fundamentals (Figure 2). These findings
likely represent key similarities and differences in the teaching
of the course during the year with SWIM program implemented
(in 2018) and without (in 2017). In both years, students
received the same level of feedback from the instructor on writ-
ing composition, which included equivalent written instruc-
tions (formatting requirements, grading rubric, and writing
resources) and individual comments on the rough draft (mini-
mal to moderate text editing). Mentors were encouraged to
focus their comments on rubric areas that needed the most
work, prioritizing content over composition. In addition, the
disciplinary course content (on ecology fundamentals) was
largely the same between years. Finally, in both years, the
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course was built around a CURE that included participating in
data collection (field surveys) and writing a research paper
(which included multiple steps: proposal, rough draft, and
final draft). Thus, benefits of this CURE approach (e.g., as
shown by Stephenson and Sadler-McKnight, 2016) are likely
seen in both years.

Improvement in data analysis and interpretation was likely
driven by the main difference between years, which was the
addition of the SWIM program in 2018. All students in the
SWIM program received feedback on data analysis and inter-
pretation from their mentors before submitting and receiving
feedback on the rough draft (from their mentor and then the
instructor; Table 1). In the previous year, only students who
sought help from the instructor or course teaching assistant
(e.g., during office hours) received individual feedback before
submitting the rough draft. After receiving written comments
on the rough draft, mentors acted as a dedicated point of con-
tact for SWIM students during class time and via email. Our
study cannot discern which aspect(s) of the SWIM program
were responsible for the improvements that we observed,
including whether these were related to the quantity, quality, or
format of feedback and project mentoring. Removing the stu-
dent-led paper discussions may have also impacted course out-
comes, particularly as this had been the only oral presentation
requirement of the course (besides the small-group poster pre-
sentation). It is unlikely that differences in student populations
drove differences in overall writing effectiveness, because we
found that overall effectiveness was not related to any of the
demographic characteristics tested, including gender, major,
minority or first-generation status, or first language. Similarly,
post hoc analyses showed that these results are not due to dif-
ferences in scores between graders or rubric components. The
SWIM program appears to have enhanced students’ abilities in
the areas of data analysis and interpretation even beyond gains
that likely already existed in the earlier course, given that both
courses incorporated a CURE, which has been shown to increase
these same skills (Brownell et al., 2015).

The increase in demonstrated effectiveness in data analysis
and interpretation was also reflected in survey results, which
indicated that students perceived an increase in ability and
experience in science skills. Of these science skills, the only
cases in which SWIM students perceived a greater increase in
ability/experience during the term than the students in the
comparison course without mentoring were also related to data
analysis and interpretation. We cannot discount other differ-
ences between the courses (course instructors, curricula aside
from the SWIM program, etc.) as the driver of this difference in
perceived effectiveness. However, the fact that both demon-
strated and perceived effectiveness in data analysis and inter-
pretation were higher in the group with mentoring than the
group without mentoring suggests that having a dedicated
mentor allowed students to develop their confidence in “con-
ducting a lab or field study entirely of student design” and “run-
ning statistical tests” (Data Set 1 in the Supplemental Material).
In a post hoc analysis, students who reported that English was
not their primary language on the course surveys also reported
lower perceived ability/experience with science skills.

Students across both courses reported perceived gains in
ability/experience for the two other categories of science skills:
experimental design and science communication. Both courses
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included a CURE culminating in a research paper, as required
for the university’s writing-intensive lab courses. However,
Field Biology students reported greater gains in “clarification of
a career path,” which might be expected for a course with a
higher proportion of disciplinary majors. Our findings of gains
in science skills across both courses highlights the benefits of
upper-level ecology lab courses for building confidence in core
competencies (including critical thinking and communication)
that can be further developed with the addition of more individ-
ualized mentoring through a curriculum such as the SWIM
program.

It is particularly notable that we found clear gains in data
analysis and interpretation given the limitations associated with
self-selecting populations, which led to skewed populations and
low sample sizes for some student groups. For example, none of
the SWIM students were ecology and evolution majors, while
24% of students in the 2017 Population & Community Ecology
course and 43% of Field Biology students were ecology and
evolution majors, which were our comparison courses without
mentoring. Although we might have expected differences based
on major, a post hoc analysis of Field Biology students indicated
no difference between responses on the preclass survey between
students who were and were not ecology and evolution majors.
Similarly, we did not find differences in preclass survey
responses associated with gender (another characteristic for
which courses had skewed populations). However, due to low
sample sizes, we were limited in our ability to assess the degree
to which the effectiveness of the SWIM program depended on
combinations of student characteristics.

We encountered several challenges that would need to be
considered in order to successfully adopt a similar mentoring
program curriculum. First, the program relied on ability to
recruit and compensate graduate student mentors. We success-
fully recruited even more well-qualified mentors than originally
planned, and all of these mentors indicated that they would at
least consider participating again. Ideally, creating a cohort of
mentoring alumnae would increase recruitment of new men-
tors. We did find from a post hoc analysis that student paper
scores differed between mentors, which we anticipate was
largely due to variation in the complexity of the data sets pro-
vided by the mentors. Thus, data set complexity should be con-
sidered in the mentor selection and/or preparation process.
Mentor compensation could be a challenge, as at the rate used
previously, the cost averaged $100 per undergraduate student.
This one term required funding from two small teaching devel-
opment grants. This brings up the second main challenge,
which is additional effort required by the instructor, both to
raise funds (by writing grants or soliciting university-level sup-
port) and to administer the program, including coordinating
communication with the mentors. A potential alternative to
monetary compensation would be to include this mentoring
responsibility in a mentoring certificate program, with training
and certification serving as compensation. Third, the length of
the course/term was limiting, and we suggest 10 weeks at a
minimum to accomplish the steps in the scientific process given
in Table 1. Courses with a more limited time allotment may be
able to effect gains in statistical reasoning by incorporating a
workshop like the one described by Olimpo et al. (2018).
Finally, class size interacts with the previously discussed chal-
lenges, including recruiting and compensating mentors.

CBE—Life Sciences Education « 19:ar23, Fall 2020



However, in theory, this program could be scaled to the size of
a large lecture as long as the mentor-to-undergraduate ratio
could be maintained and the instructor received additional sup-
port in grading.

Our study results highlight several areas for improvement on
the current mentoring program curriculum, particularly in
order to best support students for whom English is not their
primary language. We found that whether or not English was a
student’s primary language only affected overall communica-
tion effectiveness due to changes in composition ability. The
program already used some approaches that have been shown
to improve the outcomes of English language writing instruc-
tion for those who are not native speakers, including feedback
at multiple steps in the writing process (Evans and Hartshorn,
2010) and providing “novel and authentic” writing assignments
(Zhang and Cheung, 2018). These approaches included increas-
ing motivation by allowing students autonomy in choosing
their study system and research question (students were
assigned to mentor groups based on their ranked preferences),
integrating feedback from multiple sources (i.e., peers, men-
tors), and providing opportunity for revision. The composition
score was also related more to a paper’s organizational struc-
ture and clarity of ideas than to grammar per se (Appendix 2 in
the Supplemental Material). Additional strategies that could be
employed to address challenges of students whose primary lan-
guage is not English (see Zhang and Cheung 2018) are
1) increasing the number of—and time spent discussing—sci-
entific papers students are assigned to read (Anderson, 2016);
2) providing students with a document listing common compo-
sition mistakes (e.g., as compiled in the tool kit by Dirrigl and
Noe, 2014); 3) adding low-stakes writing assignments as prac-
tice for structuring a clear and sound argument (Brownell et al.,
2013; Anderson, 2016; Spix and Brasier, 2018); and 4) partner-
ing with other offices on campus (particularly writing centers;
Pfrenger et al., 2017) to provide resources for students, men-
tors, and instructors alike. Ultimately, changes to the program
would need to be weighed by their costs and benefits, with
those that could be enacted outside class time given preference
due to time limitations. Importantly, any improvements in
teaching writing composition are likely to build competency in
communication across all students in the course.

In summary, we found consistent benefits of a hierarchical
mentoring program for building data analysis and interpreta-
tion skills in upper-level undergraduate students. Students par-
ticipating in this program both perceived an increase in their
ability to analyze and interpret data and demonstrated
enhanced ability in this area, indicating an increase in two fac-
tors—self-efficacy and competency—that are known to individ-
ually promote persistence of students in STEM fields (Simon
et al., 2015). At the same time, mentors perceived benefits in
aspects of career readiness beyond their initial motives for par-
ticipation (see Dolan and Johnson, 2009), including communi-
cation, leadership, teamwork, and awareness and fluency in
working with a diverse student population. Furthermore, the
effects of hierarchical mentoring can “cascade” through learn-
ing communities (Feldon et al., 2019) and might continue to
increase skill development even beyond the metrics and time
period of our study. Together, these findings provide support for
continuing to incorporate a hierarchical mentoring program in
the undergraduate science curriculum. Future iterations of this
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mentoring approach should consider challenges encountered
by students for whom English is not their primary language and
integrate methods to evaluate continued and increased effec-
tiveness in building skills needed for career success.
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