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Abstract

Mass balance (MB) reasoning offers a rich topic for examination of students’ scientific thinking and skills, as it requires students
to account for multiple inputs and outputs within a system and apply covariational reasoning. Using previously validated con-
structed response prompts for MB, we examined 1,920 student-constructed responses (CRs) aligned to an emerging learning
progression to determine how student language changes from low (1) to high (4) covariational reasoning levels. As students’ abil-
ities and thinking change with Context, we used the same general prompt in six physiological contexts. We asked how Level
and Context affect student language and what language is conserved across Contexts at higher reasoning Levels. Using diver-
sity methods, we found student language becomes more similar as covariational reasoning level increases. Using text analysis,
we found context-dependent words at each Level; however, the type of context words changed. Specifically, at Level 1, students
used context words that are tangential to MB reasoning, while Level 4 responses used words that specify inputs and outputs for
the given Item Context. Further, at Level 4, students shared 30% of language across the six contexts and leveraged context-in-
dependent words including rate, equal, and some form of slower/lower/smaller. Together, these data demonstrate that Context
affects undergraduate MB language at all covariational reasoning levels, but that the language becomes more specific and simi-
lar as Level increases. These findings encourage instructors to foster context-independent, comparative, and summative lan-
guage during instruction to functionally build MB and covariational reasoning skills across contexts.

NEW & NOTEWORTHY This article builds on the work of Scott et al. (Scott EE, Cerchiara J, McFarland JL, Wenderoth MP,
Doherty JH. J Res Sci Teach 1: 37, 2023) and Shiroda et al. (Shiroda M, Fleming MP, Haudek KC. Front Educ 8: 989836, 2023)
to quantitatively examine student language in written explanations of mass balance across six contexts using constructed
response assessments. These results present an evaluation of student mass balance language and provide researchers and
practitioners with tools to assist students in constructing scientific mass balance reasoning explanations.

constructed response; context; covariational reasoning; mass balance; student language

INTRODUCTION

In the last decade, science, technology, engineering, and
mathematics (STEM) education has sought to emphasize
broad scientific concepts and skills that students can lever-
age to understand phenomena across multiple contexts.
For example, the National Research Council put forth a
framework on cross-cutting concepts to be taught in K12
science including the concept “cause and effect,” which
requires students to be able to “predict and explain events
in new contexts” (1). Similarly, in undergraduate biology
education, Vision and Change called for instruction to
be focused on a set of core competencies, including

mathematical reasoning, and core concepts, such as trans-
formations of matter and energy, that can be applied across
contexts (2). Within physiology, Michael and McFarland (3)
described 15 core concepts that are important for students
to master to succeed within the discipline. These core con-
cepts are useful to students as they learn to reason as scien-
tists explain novel phenomena using cause and effect to
predict outcomes. One such core concept is mass balance
(MB; sometimes called matter accumulation or pool and
flux reasoning). MB, based on the law of conservation of
mass, is a reasoning strategy that can be used to predict
whether the amount of material in a compartment will stay
the same, increase, or decrease by tracking inputs to and
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outputs from the compartment (4). The amount of material
in a compartment can have important consequences on
organismal function. For example, the amount of neuro-
transmitter in a synapse determines the relative magnitude
of the signal on the postsynaptic neuron and is determined
by the rate of release from the presynaptic neuron (input)
and the rate of removal from the synapse (output). MB is
broadly applicable across STEM and can be applied to
understand disparate phenomena such as carbon accumu-
lation in the atmosphere and the buildup of free calcium in
the sarcoplasm and can even be applied to track population
dynamics by attending to count instead of mass. The major-
ity of studies examining MB reasoning have been within
the context of climate change (5, 6); however, recent work
has extended MB reasoning to physiology contexts in ani-
mals and plants (7). Due to its broad utility, MB is consid-
ered a conceptual scaffold that students can learn to apply
across contexts to make sense of novel systems (4, 8).

In spite of the usefulness of MB, student difficulty with it
has been documented across STEM (5–7, 9). This difficulty is
thought to be in part due to the mathematical thinking
required to accurately determine how mass will change
(5–7). Scott et al. (7) have proposed that to successfully pre-
dict the changes inmass undergraduatesmust identify the rel-
evant fluxes and apply covariational reasoning. Covariational
reasoning is a skill that allows a person to conceive two varia-
bles changing simultaneously (10, 11). For example, within the
context of glucose accumulation in an oak leaf, an important
input of glucose in the leaf is photosynthesis while a critical
output is cellular respiration, which breaks down glucose. To
accurately describe the amount of glucose in a leaf, one must
account for increasing or decreasing rates of either photosyn-
thesis or cellular respiration. As part of their analysis,
Scott et al. (7) described an emerging four-level learning
progression that describes how students develop covaria-
tional reasoning in the context of MB reasoning. This
learning progression was developed using student think-
ing about problems situated in six different Item Contexts
within physiology across plants and animals. One such

generic assessment prompt and the six different contexts
are provided in Fig. 1. Each of the items describes a situa-
tion in which three organisms undergo an identical
change or stimulus that results in an influx of matter to a
given space and has an associated graph depicting a
change in total mass. In addition to naming a specific orga-
nism, each Item Context names specific matter, inputs,
and outputs that are relevant to the organism and context.
In Level 1 of the emerging learning progression, students
relate directional changes in nonflux variables to the
changing amount, i.e., students discuss surface features
that do not directly relate to MB. In Level 2 explanations,
students relate magnitude changes in a single flux with
the changes in amounts. In Level 3 explanations, students
relate a single flux rate of change variable correctly or
relate a net flux rate of change incorrectly with changes in
amounts. Finally, in Level 4 explanations, students are
integrating magnitude changes of both fluxes in the sys-
tem to accurately explain how the amounts of mass change
in the system. This learning progression also forms the ba-
sis for a coding rubric to assess the Level of student rea-
soning in a written constructed response (CR).

CR is one of many ways to assess student thinking. This
assessment method allows students to use their own
words to explain complex topics, thereby providing stu-
dents with an opportunity to engage in the practice of
crafting an explanation (12, 13). CRs provide meaningful
insight into student thinking for both instructors and
researchers, as responses produced by students can reveal
performance differences, complex thinking, and unex-
pected language (14, 15). Previously, student CRs have
been used to increase understanding of diverse STEM
topics including tracking matter and mass across scales
(16) and mechanistic reasoning (17, 18). As previous work
has demonstrated that language used in these responses
is reflective of student thinking revealed during inter-
views (7, 15), CRs are a convenient and appropriate source
of student language for assessing covariational reasoning
and MB explanations.

In context, input increases mass while output
reduces mass.
a) Explain how organism 1 has more mass

compared to organism 2 and 3 at time x given
that all organisms have the same rate of input.

b) Explain how organism 3 has no change in
mass at time x while organisms 1 and 2 both
show increased object given that all three
organisms had the same rate of input.

stimulus Organism 1

Organism 2

Organism 3A
m

ou
nt
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m
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s

Time (seconds)

Oak: In the leaves of an oak tree, 
photosynthesis makes glucose while cellular
respiration breaks down glucose.

Hawk: In a muscle cell, Ca2+ enters the
cytoplasm through a channel in the
sarcoplasmic reticulum (SR) and is removed
back into the SR from the cytoplasm by a pump.

Human:Oxygen enters the lungs through
inhalation and leaves the lungs by diffusing
into blood vessels.

Cat: In the brain, serotonin enters the synapse
when it’s released from a neuron and is
removed from the synapse by a cotransporter
back into the neuron. Pea: Auxin, a hormone involved in plant

growth, is transported into a cell through
auxin/H+ co-transporters (AUX) and out of a
cell via carrier proteins called PINs that are
located on the cell membrane.

Rat: Blood enters the aorta (large blood vessel)
from the heart and exits by flowing to the rest
of the body.

Figure 1. Generic prompt and individual
contexts. Students were provided with 1
of the 6 physiological contexts for the
prompt below. A generalized graph and
question structure are provided on the
left, while Item Context is given on the
right with the name of the item bolded.
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Written student language in CRs can be analyzed and
compared through text analysis. Typically these methods
determine words, phrases, or themes that are associated
with a given text or set of CRs and have been used previously
to understand student thinking (19–21). Recently, diversity
methods traditionally used in ecology have been applied
to short CRs to quantify the language diversity within a CR
corpus (22). Briefly, an individual CR is treated as a sam-
ple, while each word within the CR is treated as an individ-
ual in the sample, with repeated words being individuals
of the same species. Ecologists use measures, including
Bray-Curtis dissimilarity and species turnover, to quantify
the differences between samples in the corpus by compar-
ing the species (words, in this study) present in each sam-
ple (CR). This allows researchers to quantitatively examine
differences in text (e.g., words and phrases) between indi-
vidual CRs or categorical groups of CRs in the corpus. We
also apply a data reduction technique called ordination,
which projects complex data into a two-dimensional “map”
that places similar samples close to one another and dissimi-
lar samples further away. When applied to language, these
measures can be used to visualize the language diversity of
a corpus or compare groups of CRs based on categorical
data (22).

To better understand student progression in MB reason-
ing, we can use text diversity methods to compare and con-
trast the language students use in CR explanations at
different covariational reasoning levels and within different
physiological Contexts of the assessment items. Previous
research has found that Item Context can greatly affect stu-
dent ideas and language (20, 23, 24). Specifically, novice stu-
dents are more likely to incorporate surface features of the
context in comparison to experts (25, 26). However, similar
work examining changes to students’ explanations when
reasoning about MB using covariational reasoning in
physiological contexts has not been reported. We believe
examining CRs at increasing reasoning Levels and across
multiple Contexts will reveal how students build mass bal-
ance explanations and demonstrate covariational reason-
ing and mass balance skills. As the ideas students express
change at each level of the learning progression, we expect
to observe differences among the different covariational
reasoning Levels but expect that many Context words will
be maintained across all Levels. Additionally, we expect
some shared language will exist in CRs across Contexts,
because mass balance reasoning represents a core concept
that can be applied to many phenomena in STEM. From
examining the effects of both Context and Level, we expect
to determine shared language at higher Levels of covaria-
tional reasoning that are Context independent, which may
guide practitioners in key language that students use to
build understanding and explanations that can be applied
to novel situations.

To this end, we examined student language in a large cor-
pus of CRs that was previously collected using a set of six
prompts, each representing a different physiological context
(see Fig. 1). These responses were each previously assigned
to one of the four Levels of covariational reasoning by coders
using a single rubric that reflects a covariational reasoning
learning progression (7). Using this data set, we sought to an-
swer the following research questions (RQs):

1) How do Item Contexts and the Level of covariational rea-
soning affect undergraduate language in mass balance
explanations?

2) What shared language do undergraduates use to demon-
strate covariational reasoning in spite of different Item
Contexts?

MATERIALS AND METHODS

Data Collection

CRs were collected as previously described (7). Briefly, a
large set of CRs (n ¼ 4,470) was collected from undergradu-
ates across multiple institutions, instructors, and classes via
an online survey. These CRs are in response to items describ-
ing phenomena that can be explained with MB reasoning in
six physiological contexts (described below). Experts had
previously assigned these CRs to a Level of covariational rea-
soning using a coding rubric aligned to an emerging learning
progression for MB reasoning (described below). From this
large data set, we randomly selected CRs to create a data set
that allowed us to examine responses by two variables of in-
terest: Level of covariational reasoning and Item Context.
We prioritized balancing the Item and Level of Covariational
Reasoning to allow for easier comparison of the diversity met-
rics and statistical tests. We randomly selected 80 CRs from
each of six Item Contexts in each of the four Levels of covaria-
tional reasoning resulting in a data set of 1,920 CRs. These
responses come from undergraduates in science majors (biol-
ogy, physics, life sciences, and STEM) and nonmajor disci-
plines at eight institutions, including three research-intensive
colleges and universities, two master’s colleges and univer-
sities, and three community colleges. Due to the large number
of responses collected from students at the research-intensive
institutions, these responses are heavily represented in the
data set (95%).

Items and Rubric Description

In this work, we examine student language in response to
prompts that were previously developed to examine stu-
dents’ mass balance reasoning (7). To explain the phenom-
ena, students should use covariational reasoning in their
explanations. As noted above, the assessment items describe
a situation in which three organisms of a species undergo an
identical change that results in an influx of matter to a given
space and has an accompanying graph (Fig. 1). In addition to
naming a specific organism, each Item Context names spe-
cificmatter, inputs, and outputs that are relevant to the orga-
nism and context. In part A of each item, students are
prompted to explain how organism 1 had a larger pool of
mass than the other two organisms. In part B, students are
asked how organism 3 showed no change in the total mass
despite the increased influx. For all analyses in this study,
parts A and B were combined into a single response for each
student. This basic item structure was used in six different
physiological contexts (denoted as Item Context). Each Item
Context is named in this work based on the organism that is
described in the item (Cat, Hawk, Oak, Rat, Human, and
Pea). All six items can be found in the Supplemental
Materials of Scott et al. (7) or online at beyondmultiple-
choice.org. As part of their analysis of student CRs, Scott et
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al. (7) described an emerging learning progression and asso-
ciated coding rubric that assigns each response to one of
four Levels of covariational reasoning. Individual coding
rubrics were created for each context to specify pertinent
inputs and outputs, but the levels of reasoning in each rubric
aligned across context, allowing comparison of the Levels
across Item Contexts. Each response in this data set there-
fore has an associated Context, based on the version of the
prompt and an assigned Level, based on the associated cod-
ing rubric to categorize the reasoning used.

Bray-Curtis Dissimilarity Calculations

For amore detailed explanation of application of both eco-
logical diversity metrics and ordinations to text data, please
see Shiroda et al. (22). All diversity metrics were calculated
in version 7.08 of PC-ORD (27) using word matrices created
in WordStat (v.8.0.23, 2004–2018, Provalis Research). For
these matrices, no words were excluded, but stemming
(described below) with English (snowball) was applied. Bray-
Curtis dissimilarity (or Sorensen dissimilarity) is a measure
of percent dissimilarity and is calculated using the formula
1� 2W

AþB, in which W is the sum of shared abundances
between two responses and A and B are the sums of abun-
dances in individual responses (28). Bray-Curtis dissimilar-
ities are calculated using only the responses of interest and,
more importantly, only the words that are present within
that subset of responses. This means that the values pre-
sented in RQ1 and 2 are calculated with different matrices in
terms of the number of words (columns) and responses
(rows). As Bray-Curtis distance measures are calculated
using all columns, using different matrices results in differ-
ent values even though the responses themselves have not
changed.

Ordinations

Dimension reduction techniques can be used to project
the data matrix into a two- or three-dimensional plot.
Typically with ordination, each axis represents multiple fac-
ets with each axis being a vector that explains the highest
percentage of the data or columns in the data matrix used. In
this work, CRs (represented as data points) are placed on the
axes based on the presence or absence of words and their fre-
quencies. Two responses that are lexically very similar to
each other will be found close to one another in a biplot,
while two responses that are lexically dissimilar will be fur-
ther away from each other. Such plots allow us to visually
compare responses (or groups of responses) to one another.

In this work, we selected detrended correspondence anal-
ysis (DCA) as our ordination technique. DCA is unique from
other ordination techniques in that the first vector (x-axis) is
directly related to species turnover, which is a useful metric
of diversity. Species turnover is equivalent to half changes,
with 100 DCA units on the x-axis representing one half
change. One “half change” is when 50% of the words in two
responses are shared and the remaining 50% are not. As the
number of half changes increases, responses share fewer and
fewer words; after four half changes, responses essentially
do not share any words. The x-axis can be used to quantify
language differences between two responses or between
groups of responses using the centroids. To calculate the half

changes between two groups, we subtracted the x-coordi-
nates of the centroids of two groups. It is important to note,
that the origin (0) does not represent a certain amount of di-
versity; therefore, responses close to the origin are not more
or less diverse than those elsewhere. In contrast to the x-axis,
the y-axis is more difficult to interpret for two reasons. As
explained above, in ordination, each axis typically represents
more than one dimension of the data and therefore does not
have a defined label. In addition to this, DCAs use a detrend-
ing method that stretches and condenses the y-axis in a non-
standard way to correct an arching effect in the data (29);
therefore, the raw values of the y-axis should only be inter-
preted relative to each other, not as values. For example, the
y-axis can be used to compare points to each other (i.e., point
A is further from point B than point C is) but not to calculate
distances between points (i.e., these 2 points are each 10
units away from this point).

Data matrices for the ordinations were created in
WordStat (v.8.0.23, 2004–2018, Provalis Research) after
the use of stemming (English snowball) and removal of a
custom word exclusion list (containing articles, conjunc-
tions, and prepositions) to reduce the number of uninfor-
mative, but frequent words, including articles (a, an, the),
conjunctions (as, and, but, like, or) and prepositions
(about, above, across, after, against, at, before, behind,
below, beneath, beside, concerning, considering, despite,
down, during, except, from, minus, near, over, past, per,
plus, than, through, to, toward, towards, under, upon, vs.,
via, with, within, without). We specifically confirmed that
none of these words were important to student explana-
tions by examining the context of the words in student
responses. We also excluded any words not appearing in at
least three responses as ordinations require at least three
instances to detect a pattern (29). Spelling errors were not
corrected in this work as stemming removed the majority
of these errors.

We performed the DCAs in version 7.08 of PC-ORD (27).
Depending on the data set, the raw data can be transformed
for it to be used with certain methods; however, we did not
need any transformations to perform this analysis. The cal-
culations needed to perform ordination techniques are per-
formed within PC-ORD but require settings to be selected.
First, ordinations are calculated using a seed number which
can be randomly selected or entered. Each seed number
results in similar patterns, but with slightly different num-
bers; therefore, we selected the seed number 999 to ensure
the ordination can be replicated. For DCA, we elected to
down-weight rare words due to the large size of the data set.
This focuses the ordination on overarching patterns in the
data. Scores were calculated for words using weighted aver-
aging. We examined the significance of each axis using 999
randomizations. The percent inertia (or variance explained)
for each axis is provided in the outputs of the PC-ORD file
and included in our results. We compiled categorical data
(Context and Level) associated with the CRs into a separate
secondary matrix to to be overlaid on the ordination plots.
Applying this test means that 1,000 total plots are created,
revealing if the one presented best represents the data. One
plot (Cat) required one response (response 51) to be removed
from the ordination as it was an extreme outlier that made
interpretation of the plot impossible (27). Centroids shown in
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the plots are calculated by averaging the x- or y-coordinates
of the group of interest in PC-ORD.

Text Analysis of CRs

To understand the differing language within categorical
groupings of CRs (i.e., by covariational reasoning level or
Item Context), we determined words that are significantly
associated with a given category of CRs using WordStat
(v.8.0.23, 2004–2018, Provalis Research). This analysis com-
pares the total count of a given word in each category (cova-
riational reasoning Level or Item Context) and returns words
that are associated with a given category. We performed text
analysis after stemming (English snowball) and removing
the default Exclusion list in WordStat. Stemming removes
the end of words to mitigate the effect of tenses, singular/
plural, and common spelling errors. Words that have under-
gone stemming are noted in the text as the stemmed root
with a dash (e.g., releas- could include release, released,
releases, releasing). We examined any words that returned a
P� 0.05 from a chi-square test.

Statistical Analysis

Statistical calculations were performed using an online
calculator (https://www.statskingdom.com/kruskal-wallis-
calculator.html). For the Kruskal-Wallis test, we tested a sig-
nificance level of 0.05, included outliers, and used an effect
size of 0.3. We used Dunn’s multiple comparison method
with a Bonferroni correction. Permutational multivariate
analysis of variance (PERMANOVA) is a type of statistical F
test that compares the differences in the mean within-group
distances among all the tested groups (30). PERMANOVAs
were performed in PC-ORD with 4,999 randomizations and
an assigned seed number of 999.

RESULTS

First, we provide some examples of student responses to
an item across covariational reasoning levels. We will con-
tinue to use the example of glucose accumulation in the leaf
of an oak tree from the introduction (i.e., Oak item from Fig.
1). The full prompt reads:

‘In the leaves of an oak tree, photosynthesis makes
glucose while cellular respiration breaks down glu-
cose. The graph shows the amount of glucose in three
oak tree leaves over time. A botanist is studying how
the amount of glucose in oak tree leaves is impacted
by different light conditions. Initially under medium
light, there is the same amount of glucose in three
oak leaves. Then, the botanist turns on a high inten-
sity grow light, causing the rate of photosynthesis in
each oak leaf to increase to 13 units/second (i.e.,
“high light”). After some time (time point X), the
amount of glucose is different for each oak leaf de-
spite having the same rate of photosynthesis in each
oak leaf. a) Explain how oakleaf 1 has more glucose
compared to oak leaves 2 and 3 given that all oak
leaves have the same rate of photosynthesis. b)
Explain how oakleaf 3 has no change in glucose while
oak leaves 1 and 2 both show increased glucose in

their leaves given that all three oak leaves had the
same rate of photosynthesis.’

An example Level 1 student response reads, “Leaf 1 could
have a faster NADPH production rate or a faster citric cycle
rate. The oak leaf may have a mutation where it has a lower
amount of electron acceptors. Thus, during medium light, it
is already at max photosynthesis rate.” This student focuses
on ways the input could be affected without considering the
outputs of the system. Reasoning at Level 2, another student
responds, “Oakleaf 1 has more glucose at the end because
there must be less usage or need for glucose in the plant ver-
sus the other plants. There must be a lesser need. Oakleaf
[sic] 3 must only need a certain amount of light to produce
glucose and it reached its cap.” While this response attends
to an output (glucose usage), the student does not properly
integrate the input and output when explaining Oakleaf 3
maintaining the same level of glucose. Reasoning at Level 3,
another student writes, “Oak 1 has more glucose compared
to oak 2 and 3 because it has a faster rate of cellular respira-
tion where glucose is being broken down faster. oak leaf 3
has no change in glucose because its rate of photosynthesis
is the same as its rate of cellular respiration.” This student,
while attempting to balance both the input and output,
makes a mistake in that a higher rate of cellular respiration
would result in more glucose when it would result in less.
Finally, a Level 4 response explains, “Rate in is the same for
all three (photosynthesis) and rate out is lowest for leaf 1 (cel-
lular respiration). Rate in and rate out are the same causing
the same glucose levels. Cellular respiration is the same as
photosynthesis rates.” This student correctly integrates the
input and output in glucose to account for different amounts
of glucose in each leaf.

We began by examining the length of responses in the cor-
pus, as response length can provide general insight into
changes in student explanations. Overall, the CRs range
from 4 to 259 words in length. We then compared response
length based on which Item Context students responded to
and which covariational reasoning level was assigned to the
response (Table 1). We did find significant statistical differ-
ences in length based on the Item Context (Kruskal-Wallis-
test with Bonferroni correction; P ¼ 0.003); however, the
effect size is small (g2 ¼ 0.027), indicating the magnitude of

Table 1. Diversity metrics of CR data set

Length

(Words)

Bray-Curtis

Dissimilarity

Centroid

(x-Axis)

Average Distance

to Centroid (x-Axis)

Corpus 51.7 79.2 121.7 52.0
Item
Cat 44.1 73.8 65.9 19.3
Hawk 54.9 72.0 111.0 11.9
Human 54.8 72.3 207.2 18.6
Oak 55.1 71.6 74.4 17.6
Pea 46.9 72.9 83.3 13.3
Rat 54.6 69.7 189.0 17.4

Level
1 39.8 84.1 123.7 50.9
2 51.0 80.4 122.8 52.8
3 54.6 75.5 121.1 51.0
4 61.5 70.4 119.5 53.1

CR, constructed response.
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the differences is small. Hawk, Human, Oak, and Rat have
similar average response lengths of 54.9, 54.8, 55.1, and 54.6
words, respectively. None of these pairs are significantly dif-
ferent from each other (P > 0.05). Responses to the items in
the Pea and Cat contexts are significantly shorter (P <
0.0005), with average lengths of 44.1 and 46.9, respectively.
There is no significant difference between the length of Cat
and Pea responses.

We also observed a statistically significant difference in
response length based on the Level of covariational reason-
ing exhibited (Kruskal-Wallis-test with Bonferroni correc-
tion; P ¼ 0.0083). On average, Level 1 responses are shortest
with a mean of 39.8 words per response, followed sequen-
tially by Levels 2 (51.0 words), 3 (54.6 words), and 4 (61.5
words). We compared each possible level to other levels indi-
vidually and found that each pairing of the groups is signifi-
cant (P < 0.05). In comparison to differences in response
length based on Context, there is a higher effect size (g2 ¼
0.086) of covariational reasoning level based on response
length. While we found here that higher Level answers are
longer on average, it is important to note that the length of a
response does not always indicate its level of reasoning.
Indeed, two of the longest responses in the corpus (257 and
259 words) are Level 1 and 2 responses, respectively. In com-
parison, a Level 4 response within the Oak context contains
only 25 words.

RQ1: How Do Item Context and the Level of
Covariational Reasoning Affect Student Language in
Mass Balance Explanations?

Using diversity metrics such as Bray-Curtis dissimilarity,
we can measure the amount of similarity among the
responses within the corpus or a subset of the corpus (i.e., a
group based on Level or Context). The Bray-Curtis dissimi-
larity has a value of 0 when two responses are exactly the
same and 100 when no words are shared between responses.
We calculated this measure for each pairing of responses in
the entire corpus and for pairing responses within the differ-
ent categorical groupings. The corpus has a dissimilarity of
79.2, meaning CRs in the corpus share �20% of words. Each
of the Item Contexts subgroups has a lower Bray-Curtis value
in comparison to the corpus, indicating that the responses
within a given Item Context are more similar to each other
than to the corpus overall. All the Bray-Curtis values for each
of the Item Contexts are relatively similar to each other,
ranging from 69.7 to 73.8. This means that no single Item
Context results in more restrictive or varied language
usage in comparison to another Context. In comparison,
we observe a greater difference in Bray-Curtis dissimilarity
measures based on covariational reasoning Levels. First,
Level 1 has a higher Bray-Curtis dissimilarity value (84.1)
than the corpus, demonstrating that responses coded at
Level 1 share fewer words with each other on average than
the corpus does overall. The Bray-Curtis value for the Level 2
subgroup is similar to the corpus at 80.4. In contrast, the
Bray-Curtis measures for Level 3 and Level 4 are lower than
the value of the corpus at 75.5 and 70.4, respectively. The
value for Level 4 means that despite responses belonging to
six different Item Contexts, responses share �30% of their
language. This is interesting because it is similar to those for

the individual Item Contexts subgroups, indicating responses
with the highest level of covariational reasoning share as
much language as responses within an individual Item
Context despite being from six different Contexts.

To further compare the CRs based on language, we per-
formed detrended correspondence analysis (DCA) on the
entire corpus. To interpret these plots, points that are closer
together are more similar and those that are further apart are
more dissimilar. Similar to other ordination techniques, the
y-axis has no defined units as the axis collapsesmany dimen-
sions of the data. In contrast, the x-axis is defined with 100
DCA units on the x-axis representing a one half change. One
“half change” is when 50% of the words in two responses are
shared and the remaining 50% are not. As the number of
half changes increases, responses share fewer and fewer
words; after 4 half changes, responses essentially do not
share any words.

The plot explains 7.4% of the variation in the data with the
first two axes. While this value seems low, it is within a nor-
mal range for a large dataset (1,920 rows and 937 columns;
Ref. 31), and each axis is significant (P ¼ 0.001; 999 random-
izations). By overlaying the different categorical variables on
the responses, we can observe how subgroups relate to each
other (Fig. 2). Hulls (lines connecting different points) are
drawn to define the outer perimeter of categorical groupings.
Centroids (large filled circles) are points defined by the aver-
age of the x- and y-coordinates of the categorial group. CRs
appear to tightly cluster based on the Item Context (Fig. 2A)
but not based on the covariational reasoning Level (Fig. 2B).
Using the x-coordinates of the group centroids, we find
greater spread between subgroups based on Item Contexts
(range: 65.9–207.2) than Level (range: 119.5–123.7). Since the
detrending process used on the y-axis stretches and collapses
the axis in a non-linear way, the y-axis cannot be used to cal-
culate area. We can, however, calculate the distance of each
response with a given subgroup from the centroid using the
x-coordinates to approximate the splay of the data. This
allows us to approximate how different responses are in
word usage from the “average” response within a subgroup.
For Item Context, we observe average distances to centroid
for each Context (range: 11.9–19.3), with the Hawk context
having the tightest cluster based on x-coordinates (Table 1).
This small range of values indicates that each subgroup of
Context exhibits a similar splay on the x-axis to other Item
Contexts. These values are also much lower than the corpus
overall (52.0), indicating these groupings are indeed more
similar to each other. In contrast to Item Context, there are
much higher average distances based on Level (range: 50.9–
53.1).

These groupings of data can also be statistically compared.
PERMANOVA tests determine if categorical groupings are
distinct by comparing the differences in the mean within-
group distances in multiple dimensions (30). We conducted
PERMANOVA tests and found there is significant variation
among the subgroups in both the Item Contexts (p ¼ 0.002)
and the Levels of covariational reasoning (P ¼ 0.002). While
the Level groups are visually indistinguishable in the DCA
plot, this biplot represents only two dimensions of the data,
while PERMANOVAs utilize the entire matrix used to create
the DCA into account. This indicates that groupings of
responses by Level are in fact different based on other
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dimensions in the data set. These results from PERMANOVA
tests concur with the diversity metrics and text analysis that
indicate differences in subgroupings based on both Item
Context and Level. In combination, these results indicate
Context better explains the variance in language in the CRs,
but that covariational reasoning Level still affects student
language.

To gain a better understanding of what language in the
student CRs is responsible for the differences between the
groupings, we also examined which words are associated
with the different groupings using text analysis software.
Overall, the groupings based on the six Item Contexts had
226 significantly predictive words (P � 0.05), while fewer
words were predictive of the groupings of the covariational
Level (156, P � 0.05; Table 2). Most words closely associated
with a given Item Context are expected based on the ques-
tion stem (i.e., the organism, substance, and location) or the
specific scenario described in the question setup. For exam-
ple, in the Oak context, student responses are more likely to
include oak, leaf, photosynthesis, cellular respiration, and
light (see Table 2), which represent the organism, input, out-
put, and stimulus in this Item Context and are also included
in the prompt itself. Most other predictive words for Item
Context groupings, while not in the prompt, are relevant to
the specific context or phenomenon presented in the item.
Continuing the Oak context example, other significant words
for this grouping are associated with the system, such as tree
or sunlight, or specific processes of photosynthesis and respi-
ration, including Calvin Cycle, intensity, chlorophyll, chloro-
plast, photosystem, photon, electrons, and energy. However,
there are some words that are significantly increased in the
Oak context that do not appear to directly relate to the con-
text, such as differ, because, factor, depend, and happen. In
general, we found similar patterns for each Item Context.

For covariational reasoning Level, most words associated
with a given Level align well with the coding rubric. For
example, most of the words in Level 1 are context-specific
words (or stems of words) without directly relating to the rel-
evant fluxes or covariational reasoning (see Table 2), such as
physic, bacteria, exercis-, intens-, light, photosystem, absorb,

person, shape, or size. Increasing to Levels 2 and 3, the words
remain context-heavy but are more closely associated with
the identification of relevant fluxes in the item or how to
change fluxes. For example, the words channel, remov-, co-
transport, produc-, uptake, reuptake, gradient, degrade, di-
ameter, resist-, and open all relate to how the accumulation
of a specific material could be affected in one or more of the
contexts. Finally, at Level 4, there are fewer context words
and more words associated with covariational reasoning.
Specifically, there is an increase in comparative language,
such as equal, smaller, lowest, balance, greater, compar-,
than, slower, fewer, less, and lower, and other words that
explain inputs and outputs, including rate, out, in, result,
enter, exit, decreas-, inceras-, and net. In addition, if a
context-dependent word was more common in Level 4
responses, it was likely to be relevant to the MB problem. For
example, the compartment (cytoplasm, vessel) and the orga-
nism (pea) were more frequent in Level 4 responses than the
lower Levels. We think this is because Level 4 responses
compare the three organisms in the prompt and therefore
use the samewordmultiple times.

RQ2: What Shared Language Do Undergraduates Use
to Demonstrate Covariational Reasoning in Spite of
Different Item Contexts?

In RQ1, we observed differences in student language based
on the Level of covariational reasoning Bray-Curtis dissimi-
larity, PERMANOVA, and predictive words associated with
each Level. However, the Bray-Curtis dissimilarities and
PERMANOVA values also indicate that Level 4 responses are
more similar to each other as a group than the corpus over-
all, but these similarities are not apparent in the ordination
plots, in which we observed almost no separation of the
groups of responses based on Level. We believe this may be
because words relevant to the Item Context are obscuring
the effect of the Levels. To better understand how student
language changes at each Level of covariational reasoning,
we examined the effect of the Level of covariational reason-
ing within each Item Context individually. We then looked
for patterns and similarities across the Item Contexts to

Figure 2. Detrended correspondence
analysis (DCA). DCA was performed on a
single matrix of 1.920 responses without
any data transformation. Individual con-
structed responses (CRs) are represented
by data points. The categorical data of Item
Context (A) or covariational reasoning
Level (B) are overlaid using shape and
color. Centroids of a given grouping vari-
able are represented by large, filled circles.
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reveal the shared language students use to successfully con-
struct MB explanations.

As in RQ1, we examined language diversity using Bray-
Curtis dissimilarity (Table 2), but here we are examining
responses within a single Item Context. We found that the
Level of covariational reasoning shows a similar effect across
all six Item Contexts. As the covariational reasoning Level
increases, the Bray-Curtis dissimilarity decreases with each
consecutive Level, meaning language expressed by students
in their responses becomes more similar at higher levels of
covariational reasoning. The values observed within each
context at a specific Level are much lower in comparison to
those seen by covariational reasoning Levels in the overall
data set (compared to Table 1), indicating there is even
greater similarity in student language at higher covariational
reasoning within a given Item Context. This indicates that
Level has its own additional effect on language diversity
beyond that which is observed when separating responses
by Item Context. Indeed, as noted above (Table 1), across the
corpus, Level 4 responses share �30% similarity to each
other, while within a given Item Context, Level 4 responses
exhibit more similarity to each other and share on average
40% of the language (Table 3).

The effect of covariational reasoning on student language
within an ItemContext can also be observed in the DCA plots
(Fig. 3). Here, we observe a progression of student language
in CRs according to covariational reasoning Level, in that
each Level appears to be a subset of the previous Level.
Indeed, for each Item Context, the group centroids of each
Level generally follow a pattern of having sequential x-axis

centroids based on Level. For example, in the Oak Context,
the centroids are 196.4, 173.8, 118.1, and 95.5 for Levels 1, 2, 3,
and 4, respectively. As the positioning of responses towards
or away from the origin is not important, the apparent flip in

Table 2. Words that are predictive of Item Contexts or Level

Item Total Predictive Words

Cat 32 cat, cotransport-, enzym-, fit�, highest, immedi, inhibit�, level�, molecul-�, ms, neuron, neurotransmitt-, part�, pres-
ent, probabl-, proper, react, reaction�, receptor, releas-, respond, reuptak-, sensit-�, serotonin, shape�, signal,
slower, stimuli, synaps-, synapt-, unit, uptak-

Hawk 46 action, activ-, atp, bind, block, bring, ca, calcium, channel, close, contract, cytoplasm, decreas-, determin-, equilib-
rium, fact, forc, function, genet-, gradient, graph, hawk, insid-, ion, larg-, many, mass, move, movement, muscl-,
number, open, outsid-, potenti-, relat-, remov-, reticulum, return, ryr, sarcoplasm, sensit�, SR, stimul-, stimulus,
very, work

Human 43 abl-, addit-, air, alveoli, bloodstream, breath-, capac-, capillary, concentr-, condit-, diffus-, dure-, effici-, enter,
exchang-, exercis-, exhal-, experi-, fit�, hemoglobin, higher, hold, inhal-, intak-, lower, lung, metabol-, oxygen,
pace, person, quick, rapid, requir-, row, rower, satur, shape�, state, steady, tissu-, util, vessel, why

Oak 57 absorb, any, area, avail-, becaus-, break, broken, calvin, cellular, chlorophyl, chloroplast, convert, CR, creat, cycl,
depend, differ, distanc-, electron, energy, expos-, factor, glucos-, grow, happen, high, increas-, intens-, leaf, leav,
level�, light, limit, make, max, medium, molecul-�, oak, oakleaf, occur, only, part�, photon, photosynthesi-, photo-
system, process, produc-, product, rate, respir-, someth-, store, sunlight, surfac-, tree, usag-, water

Pea 24 after, aux, auxin, bacteria, cell, degrad-, fewer, flux, impact, infect, inhibit�, maintain, membran-, mutat-, pea, pin,
plant, protein, reaction�, resist, respons-, rhizobia, root, transport

Level 1 45 absorb, action, adapt, affect, any, bacteria, bind, capac, condit, contract, dure, exercis-, expos-, factor, fit, genet-,
hold, intens-, light, limit, max, mayb-�, only, person, photon, photosystem, physic, potenti-, reach, react, reaction,
receiv-, receptor, respond, row, sensit-, shape, signal, size, stimul-, stimuli, sunlight, system, util-, water

Level 2 51 air, already, anoth-, area, aux, avail-, begin, bigger, block, breath, calvin, caus-, channel, chloroplast, close, convert,
cycl-, diamet-, exhal-, experi-, faster, gradient, graph, happen, heart, impact, infect, inhal-, issu-, larger, mayb-�,
mutat-, normal, open, perhap-, possibl-, prevent, produc-, product, requir-, resist, run, ryr, signific, someth-, start,
stimulus, stronger, surfac-, uptak-, volum-

Level 3 19 after, calcium, capillary, cotransport, differ, effici-, excess, extrem-, left, mass, minut-, pump, quick, remov-, reuptak-,
stay, synaps-, synapt-, transport

Level 4 42 accumul-, amount, aorta, balanc-, blood, break, build, buildup, cell, cellular, chang-, compar-, cytoplasm, decreas-,
determin-, diffus-, enter, equal, exit, fewer, greater, increas-, leav-, lower, lowest, match, ms, net, overal-, pea,
photosynthesi-, pin, rate, relat-, remain, respir-, result, slower, smaller, smallest, unit, vessel

WordStat was used to determine significantly predictive words of each subcategory. These analyses were performed separately for
item context and covariational reasoning level. �Words that were predictive of more than one subcategory within either context or cova-
riational reasoning level. Words are stemmed and represent more than one tense or the singular and plural form of a word. Students also
used abbreviations such as millisecond (ms), cellular respiration (CR), and sarcoplasmic reticulum (SR).

Table 3. Bray Curtis dissimilarity and ordination calcula-
tions within Contexts

Item Corpus

Level

1 2 3 4

Bray-Curtis dissimilarity
Cat 73.7 79.2 75.0 68.8 62.1
Hawk 72.0 78.7 72.2 68.2 59.9
Human 72.3 76.0 73.7 69.5 61.5
Oak 71.6 77.8 73.5 65.1 59.9
Pea 72.9 80.2 71.3 69.2 62.3
Rat 69.7 79.1 69.9 63.7 57.5

Centroid (x-axis)
Cat 181.2 231.0 206.6 150.5 137.3
Hawk 137.5 173.5 170.9 111.9 93.7
Human 151.5 117.5 115.3 174.0 199.2
Oak 146.0 196.4 173.8 118.1 95.5
Pea 169.3 198.6 204.7 146.4 127.5
Rat 119.4 157.9 145.0 94.7 80.1

Average distance from centroid (x-axis)
Cat 32.7 33.7 32.6 38.0 26.3
Hawk 24.5 25.2 25.9 28.0 19.0
Human 32.2 26.2 34.5 42.5 25.4
Oak 29.8 29.3 32.0 31.8 26.2
Pea 31.0 37.4 29.1 30.2 27.3
Rat 25.7 31.1 22.9 29.4 19.6

Detrended correspondence analysis data for the cat context is
only representative of 79 responses instead of 80, as an outlier had
to be removed from the analysis.
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Figure 3. Detrended correspondence analysis (DCA) of individual Item Contexts. DCA was performed without any data transformation. A–F: each graph
is a separate ordination that represents 80 responses, except Cat, which has only 79 as response 51was removed as an outlier; Item Context is overlaid:
Cat (A), Hawk (B), Human (C), Oak (D), Pea (E), or Rat (F). Covariational reasoning Level (CVR) is overlaid. Centroids of a given grouping variable are repre-
sented by large plus signs.
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the direction of the pattern observed in the Human context
is not relevant, only their relative position to each other.
Further, we observe the general pattern that student lan-
guage in CRs converges as covariational reasoning Level
increases. We can calculate the average distance of the
responses with a Level grouping from its centroid on the x-
axis (Table 3) for each Item Context. These distance averages
show Level 4 (average: 24.0; range 19.0–27.3) is the most con-
densed grouping on the x-axis in comparison to the other
Levels, which have an average distance of 30.5, 29.5, and 33.3
sequentially. The distance values for responses in Level 4 are
markedly lower than for other Levels within each Context,
with the exception of the Human context. Within this con-
text, we observed a unique pattern that Level 1 (26.2) and
Level 4 (25.4) both have lower average distances between the
responses and the centroid in comparison to Level 2 (34.5)
and Level 3 (42.5). The lower splay in Human Level 1 CRs
compared to the other Contexts is not reflected in the Bray-
Curtis Dissimilarity, suggesting it may be an artifact of the
ordination procedure comparing all responses during the
data reduction process, not just those within a single
Context. This could mean that there is less overlap between
Levels 1 and 2, for example, than the other contexts resulting
in a tighter grouping of Level 1 responses. Overall, these ordi-
nations reveal greater separation based on Level that we
could observe in the ordinations from RQ1. This separation
is supported by PERMANOVAs (P ¼ 0.0002). In combina-
tion, the Bray-Curtis dissimilarities and ordinations indicate
that within each context, student language converges in a
similar way from lower covariational reasoning Levels to
higher Levels.

Following our examination of diversity metrics and ordi-
nation, we also performed text analysis by covariational rea-
soning Level within each of the six Item Contexts. Within
each context, there is a varied number of total words that are
predictive of a given Level for each context (Table 4; range:
62–93). Hawk and Oak are contexts that have the highest
number of words that are predictive for a certain Level
within the Context (93 words each). Pea is the context that
shows the fewest predictive words for Level (62), while
Human (72), Rat (78), and Cat (79) are near the middle of the
range. The difference in the number of predictive words
across the Contexts is not surprising as each context requires
a different language to describe the phenomena that are
occurring. As we observed in the larger data set, most of the
predictive words for Level 4 are heavily associated with rea-
soning about MB (see Table 4), including lower, rate, net,
less, change, and than. For example, in the Human context, a
Level 4 response reads, “[Human] 1 has a lower rate of oxy-
gen diffusion out of the lungs than the other [humans.]
[Human] 30s lungs diffuse oxygen into blood vessels at the
same rate it enters the lungs[.]” This response is similar in
expressed reasoning to a Level 4 response from the Pea con-
text, with only the organism and substance changing: “There
is a smaller rate out of auxin in plant 1. there is an equal rate
in of auxin as there is a rate out of auxin.” Indeed, many of
these words were found to be predictive of reasoning associ-
ated with Level 4 were found in all six contexts individually,
including rate, equal, and some form of slower/lower/fewer/
smaller. Accumul- and net were also found as predictive
words for Level 4 in five of the six contexts. In contrast, for

the other covariational reasoning levels, there are no predic-
tive words that are present in all six contexts, though for
Level 3, some words appear in three (transport, mass, bal-
anc-, effici-, product, mutat-, receiv-) or four (transport) con-
texts. As was observed with the larger data set, the lower two
levels of covariational reasoning mostly contain words that
are related to the Item Context but not MB reasoning. For
example, in the Oak context, predictive words for Level 1
include photosystem, intens-, water, sunlight, Calvin, chloro-
plast, and rubisco and only play an indirect role inMB reason-
ing, in comparison to cellular respiration and photosynthesis
(Oak context, Level 4) which are the immediate inputs and
outputs of the compound that students are tracking in this
item. Such differences can be observed in the example
responses provided at the beginning of RESULTS.

DISCUSSION

We sought to understand how language in student explan-
ations about phenomena that invoke MB reasoning changes
with increased level of reasoning and across physiological
contexts. Overall, we found that as students’ MB explana-
tions increased in level of covariational reasoning, their lan-
guage focused on specific, relevant physiological structures
and they described material flows with comparative context-
independent words. Teaching students to use physiological
core concepts as a reasoning strategy has been suggested as
a critical component to helping students effectively transfer
their understanding from one physiological context to
another (8, 32, 33). These data provide empirical support
for this recommendation, suggesting that using a physio-
logical core concept-based approach to instruction can
help students leverage language that focuses on the key
elements and mechanisms involved in MB phenomena
across contexts.

Using the entire corpus, we found that Item Context influ-
ences student MB language in CRs more heavily than the
Level of covariational reasoning expressed. This is supported
primarily by results from the ordination and text analysis. In
the ordinations, individual responses are grouped more dis-
tinctly based on Item Context than by their coded covaria-
tional reasoning Level, which heavily overlap on the biplot
(Fig. 2). This suggests that responses grouped by Item
Context are very similar to each other, yet distinct from
responses in other Item groupings. From text analysis, we
find that there are many more total words that are predictive
of Item Context than are predictive of Level, suggesting that
language in CRs differ more by Item Context than across rea-
soning Levels. In contrast, diversity measures reveal that
responses at Level 4 share a similar amount of language with
each other, regardless of Item Context, as all responses share
with each other within a single context. It is especially im-
pressive that students at Level 4 share �30% of the language
across six different contexts. In combination with results
from the text analysis, these findings support that student
language in explanations becomesmore specific to appropri-
ate MB language with increased covariational reasoning.
Examination of predictive words for reasoning levels sug-
gests this may be because students at lower levels use lan-
guage consistent with a variety of Item Context features not
important for reasoning about MB, while students at higher
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Levels of reasoning use language focused on specific context
features, such as relevant fluxes, that better address the
question.

These conclusions are further supported by examining
Item Contexts individually. Here, we observe the same pat-
terns of language change in responses within each context.
We found higher Bray-Curtis dissimilarities at the lower lev-
els of covariational reasoning, indicating that even within an
individual Item Context, students at these lower levels do
not use similar language in their responses. As we balanced
the data set to equally represent each reasoning Level within
each of the Item Contexts, we cannot examine if a single
Item Context presented students with more difficulty engag-
ing in covariational reasoning than others. Ordination plots
of the six different contexts also show grouping features sim-
ilar to the Bray-Curtis dissimilarity, with tightest groupings
in the biplots for responses at Level 4 than groupings for the

other covariational reasoning Levels. We did observe Level 1
within the Human context had a similar average distance to
the centroid to that of Level 4. On deeper examination of the
Level 1 Human responses, we found students often wrote
about exercising, making their language similar (though
inaccurate). For example, two student responses read,
“Rowers 3 oxygen could not have changed because they are
already adapted to that amount of exercise and therefore do
not need to intake [sic]more oxygen.” and “I think that rower
3 was physically able to withstand the exercise.” This dem-
onstrates an important point that similarity in language
between responses does not always mean the language is
accurate or productive within the explanation. While we
found here and in other work (22) that language generally
becomes less diverse as students increase in scientific think-
ing, this is not necessarily a rule. Another important aspect
of interpreting these results is understanding the differences

Table 4. Words that are predictive of Item Contexts or covariational reasoning Level

Level Total Predictive Words

Cat (n ¼ 79)
1 20 action, affect, age, communic, differ, genet, level, mayb, potenti, react, reaction, receiv, respond, respons, signal, space,

stimul, stimuli, stimulus, type
2 13 avail, bind, block, break, channel, higher, mutat, open, product, receptor, resist, rid, similar
3 20 concentr, cotransport, effici, excess, extrem, function, immedi, insid, low, measur, neuron, period, protein, remain, stay, syn-

aps, synapt, time, transport, work
4 26 accumul, activ, amount, balanc, build, cat, chang, compar, constant, despit, enter, entranc, equal, explain, fewer, greater,

leav, lower, lowest, match, ms, net, rate, releas, remov, slower
Hawk (n ¼93)

1 18 bind, action�, alreadi, ap, area, befor, contract, excit, fire, fulli, hold, motor, neuron, reach, receiv, size, stimul, stimuli
2 32 absorb, action�, begin, block, broken, channel, close, creat, depolar, dhp, exchang, explain, flux, gradient, graph, henc, lon-

ger, membran, mutat, open, outsid, perhap, period, provid, releas, requir, resist, respons, rye, ryr, stimulus, stronger
3 17 after, avail, balanc, becaus, calcium, effici, extrem, function, long, mass, posit, possibl, pump�, push, quick, remov
4 28 accumul, amount, ca, cancel, cell, chang, cytoplasm, determin, enter, equal, exit, fewer, hawk, ion, leav, lower, match, ms,

net, observ, output, overal, pump�, rate, remain, result, slower, unit
Human (n ¼ 72)

1 19 athlet, becaus, capac, dure, endur, exercis, exert, forc, heart, higher, hold, peopl, person, residu, row, similar, strenuous,
therefor, work

2 22 air, airway, alreadi, anoth, area, atmospher, bigger, breath, deeper, deepli, exhal, factor, fewer, harder, hyperventil, larger,
normal, part, shallow, surfac, tidal, ventil

3 9 capillari, cellular, intak, problem, proport, resist, stay, suppli, transport
4 22 accumul, balanc, blood, build, diffus, enter, equal, fast, leav, lower, lowest, lung, match, min, net, pulmonari, rate, rower,

slower, smaller, time, vessel
Oak (n ¼ 93)

1 27 absorb, advantag, anymor, block, closer, condit, diffus, factor, flow, gradient, intak, intens, light, max, number, photon, pho-
tosystem, pigment, posit, receiv, resist, rubisco, sourc, sunlight, system, water, wavelength

2 23 area, avail, calvin, chloroplast, convert, cycl, effici, function, generat, matter, mayb, nadph, normal, nutrient, photosynthes,
prevent, produc, product, reactant, reduct, rubp, surfac, work

3 18 balanc, consum, creat, depend, differ, glucos, highest, increas, level, mass, move, phloem, repair, respons, storag, thing,
transport, turn

4 25 break, breakdown, build, cellular, compens, concentr, equal, exact, insid, larg, leaf, leav, lower, match, net, oak, photosyn-
thesi, rate, respir, result, slower, smaller, smallest, unit, usag-

Pea (n ¼ 62)
1 11 bacteria, exchang, expos, follow, gradient, immedi, light, limit, receptor, stop, sunlight
2 28 activ, ani, aux, auxin, begin, bind, cascad, case, close, cotransport, excess, factor, faster, grow, hormon, infect, make, mutat,

plant, possibl, prevent, produc, product, signal, therefor, transport, uptak, wherea
3 7 amount, cell�, differ, leav, pump, rid, total
4 17 accumul, balanc, cell�, decreas, equal, fewer, low, lower, match, move, pea, pin, pins, protein, rate, result, smaller

Rat (n ¼ 78)
1 22 activ, adapt, affect, capac, cell, endur, exercis, fit, flexibl, healthier, hr, node, oxygen, physic, restrict, shape, show, size,

space, tissu, transport, work
2 27 alreadi, beat, cardiac, caus, consist, contract, diamet, dilat, doe, dure, effect, faster, heart, issu, larger, mayb, min, muscl,

onc, pace, perhap, pump, realli, requir, run, stronger, weaker
3 12 amount�, balanc, becaus, compar, defect, downstream, effici, exceed, excess, healthi, mass, prevent
4 18 accumul, amount�, aorta, blood, chang, enter, equal, exit, highest, leav, left, lower, match, net, rat, rate, result, slower

WordStat was used to determine significantly predictive words of each subcategory. These analyses were performed separately for
each item context. �Words that were predictive of more than one covariational reasoning level within the context. Words are stemmed
and represent more than one tense and can also represent both the singular and plural form of a word.
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in how these diversity measures are calculated. Namely,
ordinations use and account for all language in the entire
corpus and across all groupings. In contrast, Bray-Curtis
Dissimilarities are calculated with just the subset of the data
of interest (e.g., Human Level 1 responses). The differing
results suggest that there is only increased similarity with
Level 1 if they are examined with the entire data set, while
the similarity in Level 4 is apparent whether examined alone
or within the whole data set.

Examining the student language across all Item Contexts
more closely shows that students are removing some of the
item surface features from their responses but do not remove
all context-dependent words. Instead, the language becomes
more specific to the context that is needed to respond to the
question. MB reasoning in these systems requires students
to use the same skill, reasoning with inputs and outputs, in
spite of the context, but answering the question requires
context language specific to the fluxes. For example, to
explain how an oak leaf has more, less, or the same amount
of glucose as another leaf, a student must understand that
the input is photosynthesis, and the output is cellular res-
piration. These context words would not be relevant in
the Pea Context since the pertinent input is controlled by
the AUX cotransporters and output by the PIN proteins.
However, in addition to these specific context words, at
Level 4, students are also using language that is produc-
tive in building a MB explanation within any context,
including rate, out, in, result, enter, exit, and net, result-
ing in Level 4 responses sharing 30% of language all con-
texts. Given that responses within a single Context at
Level 4 only share 40% of language, we find this to be an
impressive amount of similarity over six different Item
Contexts. Overall, this language analysis supports that
when successfully applying covariational reasoning to MB
phenomena, students use both relevant context-depend-
ent and context-independent comparative language, while stu-
dents who are less successful, use mostly context-dependent

language that reflects a variety of surface features of the item
or system.

Conclusions

Broadly, student language usage in textual CRs is under-
studied. Here, we have shown the utility of diversity meas-
ures and text analysis as part of investigating changes to
explanations to better understand how students develop pro-
ficiency in reasoning about key disciplinary ideas. While this
work focuses on covariational reasoning in MB, similar
investigations would be useful for other core concepts or
other science disciplinary ideas to gain a better understand-
ing of how students construct explanations and the impact
of different variables on the student, classroom, and/or
assessment. We have previously used these methods to
examine the effect of instruction on student language, which
could be useful in determining the effect of classroom inter-
ventions (22).

This study examined how student explanations using
MB reasoning in physiology changed over six different
Item Contexts and across covariational reasoning levels.
Physiology core concepts have been proposed as a tool to
help students transfer their reasoning across many
diverse contexts (7, 8, 32, 33). Our findings of how stu-
dents use similar language to explain phenomena related
to MB across contexts provide empirical support for this
suggestion. Across six widely different physiological contexts,
we found that students who engage in high-level MB reason-
ing use fewer, more productive context-dependent words,
while also increasing the amount of context-independent,
comparative language. These results encourage instructors to
model context-independent language in addition to ensuring
students recognize the important context-dependent inputs
and outputs. Namely, words such as rate, out, in, result, enter,
exit, and net are not technical or context specific but are
equally important to higher levels of mass balance reasoning
explanations. This shared language provides educators with

Table 5. Example responses from oak leaf with instructional recommendations

Level Level Description Example Response (Oak Leaf) Instructional Recommendation

4 Integrate magnitude changes of
both fluxes to accurately
explain how the amounts of
mass change in the system

The rate of cellular respiration is different for the
leaves and for leaf 1, it is slower. The rate of
photosynthesis is equal to rate of cellular
respiration.

Student explanation is using language reflective
of the correct context-specific inputs and out-
puts and uses context-independent compara-
tive language.

3 Relate a single flux rate of
change variable correctly or
relate a net flux rate of
change incorrectly with
changes in amounts

Oak leaf 1 may have transported or used less
glucose, therefore glucose built up in that leaf
giving it more glucose than the other 2 leaves.
The rate out must be higher than the rate in,
so the phloem might be more efficient and
glucose moved out at a faster rate than the
other leaves.

The student has identified the correct mass and
is using context-independent comparative lan-
guage. They have not identified the correct
inputs and outputs. Encourage students to
identify the specific physiological processes.

2 Relate magnitude changes in a
single flux with the changes
in amounts

Leaf one’s chloroplast could be best fit for the
type of light that is being shined on(better
absorption), it could have more chloroplast
then the others, might just produce more
products needed. It could have not enough
NADPH for the Calvin cycle to continue or the
Calvin cycle in general could be messed up.

The student is focused on surface features of
the system. Encourage students to identify
the mass, inputs, and outputs.

1 Relate directional changes in
non-flux variables to the
changing amount

Each leaf absorbed variable intensities of pig-
ment, or blue light. It didn’t absorb any of the
blue light.

The student is focused on surface features of
the system. Encourage students to identify
the mass, inputs, and outputs.

Words that were found to be increased in predictive analysis are underlined in the example responses. Instructional recommendations
are included to better focus student language.
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building blocks for improving student explanations and
understanding of MB problems, regardless of physiological
context. We recommend that educators practice this language
with students regardless of context or what course is being
taught. The language we observed in higher level explana-
tions is indicative of students who can reason productively
and would be more likely to succeed in another context.
Therefore, we recommend educators use simpler contexts to
help students acquire mass balance language and reasoning
strategies that can help students reason in more complex
contexts.

To assist with this recommendation, we include example
responses for each of the covariational reasoning Levels
described in the paper, using the Oak Leaf item as an example
(Table 5). Within the responses, we underline the language
that was found to be specific to that Level of covariational rea-
soning and provide a recommendation for how an instructor
could encourage students to improve based on the language
used in the response. The language in the response with the
highest mass balance reasoning level and our recommenda-
tions reflect the Mass Balance Reasoning tool presented by
Scott et al. (7). This MB Reasoning tool is designed to provide
educators and students with a structure for how to approach
mass balance reasoning problems that can be applied to any
context. In this approach, students first identify the mass and
compartment and determine the processes that affect the
mass. These steps require the context-specific language such
as glucose, leaf, cellular respiration, and photosynthesis. Next,
students determine the relative sizes of the rates and identify
the net rate. These steps require the context-independent
language, including equal, slower, and rate. Just as we scaf-
fold and support students in using appropriate physiologi-
cal vocabulary words through consistency and repetition,
our results emphasize that we should also prioritize stu-
dents learning context-independent language, which is key
to understanding physiology.
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