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Abstract

The Physiology Core Concept of flow down gradients is a major concept in physiology, as pressure gradients are the key driving
force for the bulk flow of fluids in biology. However, students struggle to understand that this principle is foundational to the
mechanisms governing bulk flow across diverse physiological systems (e.g., blood flow, phloem sap flow). Our objective was to
investigate whether bulk flow items that differ in scenario context (i.e., taxa, amount of scientific terminology, living or nonliving
system) or in which aspect of the pressure gradient is kept constant (i.e., starting pressure or pressure gradient) influence under-
graduate students’ reasoning. Item scenario context did not impact the type of reasoning students used. However, students
were more likely to use the Physiology Core Concept of “flow down [pressure] gradients” when the pressure gradient was kept
constant and less likely to use this concept when the starting pressure was kept constant. We also investigated whether item
scenario context or which aspect of the pressure gradient is kept constant impacted how consistent students were in the type
of reasoning they used across two bulk flow items on the same homework. Most students were consistent across item scenario
contexts (76%) and aspects of the pressure gradient kept constant (70%). Students who reasoned using “flow down gradients”
on the first item were the most consistent (86, 89%), whereas students using “pressures indicate (but don’t cause) flow” were
the least consistent (43, 34%). Students who are less consistent know that pressure is somehow involved or indicates fluid flow
but do not have a firm grasp of the concept of a pressure gradient as the driving force for fluid flow. These findings are the first
empirical evidence to support the claim that using Physiology Core Concept reasoning supports transfer of knowledge across
different physiological systems.

NEW & NOTEWORTHY These findings are the first empirical evidence to support the claim that using Physiology Core Concept
reasoning supports transfer of knowledge across different physiological systems.
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INTRODUCTION

The National Research Council has identified “twenty-first
century skills” that are necessary for current and future indi-
viduals to successfully contribute to the global economy (1).
In response, educational goals have reemphasized the need
to shift away from memorization of content to fostering the
higher-cognitive level skill of critical thinking (2). Scientific
reasoning is a domain-specific form of critical thinking. To
develop scientific reasoning, students must have a deep
understanding of the principles and core concepts that are

foundational to a given discipline (3, 4). It has been sug-
gested, across many disciplines, that being able to reason
with scientific principles can be the basis for individuals to
successfully transfer their understanding to a novel situation
(5–9). The ability to transfer scientific principles across con-
texts is an important index of adaptive, flexible learning that
enables an individual to apply what they have learned in one
setting to a new problem or setting (10).

Physiology is a discipline with many diverse phenomena
that can be challenging for students to understand (11, 12).
Modell (5) identified a set of conceptual models that he
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proposed could help students better understand physiology,
as students could use these models to reason mechanisti-
cally across seemingly unrelated physiological systems.
These conceptual models, many of which are Physiology
Core Concepts, may help students transfer their understand-
ing across physiological systems that appear quite different
at an anatomical level (5, 9). One conceptual model is the
principle of “mass and heat flow,” which is the Physiology
Core Concept of “flow down gradients” (13, 14). Flow down
gradients states that the rate of movement of a substance is
directly proportional to the magnitude of the driving force,
or gradient, and inversely proportional to the magnitude of
the resistance that impedes movement. Flow down gradients
governs many different types of flow, such as diffusion of
glucose or ions across membranes, osmosis of water between
anatomical compartments, or bulk flow of fluids over longer
distances within an organism. In our present work, we focus
on bulk flow, which includes chymemoving through the gas-
trointestinal (GI) tract, blood flowing through the cardiovas-
cular system, lymph moving through the lymphatic system,
and sap flowing through the phloem and xylem vascular tis-
sues of plants. The gradient driving bulk flow is the differ-
ence in hydrostatic or atmospheric pressure between two
places, whereas the sources of resistance are the length and
diameter of the tube through which the fluid is flowing and
the viscosity of the fluid.

There have been previous investigations of students’
understanding of bulk flow in organisms and engineering
contexts (15–20). From our previous work, we learned that
about half of students we surveyed use “flow down gra-
dients” reasoning (Table 1, Level 3; Ref. 17). However, we also
found that students express a variety of ideas about how
bulk flow works, and many students did not use the scien-
tific principle of “flow down gradients” in their reasoning
even in simplified scenarios (17). Some students explained
that themagnitude of the pressure at one point (not the pres-
sure gradient) caused the flow rate (Table 1, Sublevel 2.1).
Other students explained that pressure values indicated
what flow had occurred but did not use pressure as a driving
force for flow (Table 1, Sublevel 2.2). Yet another group of stu-
dents explained fluid flow as a consequence of the needs or
behavior of organisms (Table 1, Level 1). Reasoning with

“flow down gradients” may help students better transfer
their understanding across physiological systems that are
quite different at an anatomical level (5, 9). For instance, the
lungs and airways look quite different from a plant’s phloem
sieve tubes, yet the mechanism for air flow in the respiratory
system is governed by the same scientific principle of “mass
and heat flow” as sap flow through phloem.

Transfer of understanding is very challenging (10, 21). It is
difficult for students to recognize the fundamental connec-
tions across systems that appear distinct at observable scales
(22–26). Students often focus on the surface features of a
phenomenon as key to explaining how it occurred and over-
look the underlying principles (6, 27). It has been proposed
that students struggle to apply principles across disparate
contexts because students activate different cognitive
resources based on the perceived context of the situation
(28). Cognitive resources are ideas, pieces of knowledge, or
ways of reasoning that students have accumulated from
their lived experience or informal and formal education
and are often situated within specific contexts (29, 30).
Numerous articles have documented the impact of context
on student reasoning in biological topics such as evolution
(25, 31), photosynthesis (32), homeostasis (33), interpreta-
tion of histograms (34), and genetic information flow (35).

Even with nearly identical questions (i.e., isomorphic
questions), the surface context of an assessment item may
strongly influence how a student frames the task (8). For
example, in the realm of evolutionary biology, Federer and
colleagues (31) found that natural selection items that varied
only in whether they asked the student to reason about a
plant versus an animal taxon, or familiar versus unfamiliar
taxa, elicited different constellations of resources from the
students. Our previous work identified a multitude of ways
in which students reason about bulk flow of fluids through a
tube (17). Now, we explore how students use these types of
reasoning across disparate physiological scenarios.

Given the known impact of context on students’ reason-
ing, we were interested in whether assessment item charac-
teristics influence how students reason about bulk flow of
fluids down pressure gradients. Specifically, would students
use the same type of reasoning across two similar assess-
ment items that differ only in the context presented? In

Table 1. Student explanations collected in response to interview tasks and short-answer questions to create a three-
level bulk flow pressure gradient reasoning framework

Level Description

Level 3 “flow down gradients” The magnitude of the pressure difference is proportional to the rate of fluid flow (i.e., Poiseuille’s law).

Level 2 Emerging mechanistic ideas about pressure and flow

Sublevel 2.1 “pressure causes” Pressures at a single location along the tube, not the pressure gradient, impact fluid flow.
� High pressure values cause a large force “pushing” on the fluid.
� High pressure values at the end of a tube push back, causing a high resistance to flow.

Sublevel 2.2 “pressures indicate” The magnitude of pressures are only a result, not the cause, of fluid flow.
� A small difference between pressure values at the start and end of a tube indicates that flow is main-
tained or that the tube has a low resistance and higher flow.

� Pressure magnitude indicates the volume of blood that has flowed or is flowing (e.g., high pressures
indicates high volumes are flowing, low pressure indicate a high volume of fluid has flowed).

Level 1 “nonmechanistic ideas” Ideas about characteristics and behaviors of organisms

In previous work, we used student explanations collected in response to interview tasks and short-answer questions to create a three-
level bulk flow pressure gradient reasoning framework describing common conceptual patterns in students’ reasoning about bulk flow of
fluid through a tube in an organism (17).
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other words, we wondered how consistent students’ reason-
ing would be across diverse contexts. We were particularly
interested in this last question, as consistency of reasoning
across different contexts would provide evidence to support
the claim that teaching students to reason using Physiology
Core Concepts supports transfer of knowledge. In this study
we investigated the impact of four different types of item
contexts on consistency of reasoning: taxon of the organism,
the amount of scientific terminology, whether the bulk flow
happened in a living or nonliving system, and what key
aspects of the pressure gradient were kept constant. In the
paragraphs that follow, we summarize the literature, propose
hypotheses, and state our research questions for the differ-
ent item contexts we investigated.

Given that taxon context influences student reasoning
about evolution for natural selection (31, 36), we investigated
the impact of organism taxon on students’ bulk flow pressure
gradient reasoning (i.e., blood flow in animals or phloem sap
flow in plants). We hypothesized that animal contexts would
be more likely to cue students to use “flow down gradients”
pressure gradient reasoning compared with plant contexts
because of students’ greater familiarity with blood vessels,
blood pressure, and blood flow compared with phloem sap
and internal plant anatomy.

The amount of contextual detail can also impact student
reasoning. For example, when reasoning about complex
problems, abstract representations with little contextual
detail can elicit higher student performance and more read-
ily facilitate transfer (6, 37, 38). In other examples, concrete
representations with greater contextual detail encourage stu-
dents to use more familiar, intuitive reasoning strategies
that may not be helpful or appropriate (39–41). Heckler (37)
hypothesized that when students’ knowledge is in conflict
with scientific understanding, items with contextual detail
may trigger application of inaccurate mental models. We
investigated the impact of contextual detail (i.e., few or
many scientific terms) on students’ bulk flow pressure gradi-
ent reasoning. We hypothesized that items with few scien-
tific terms (i.e., a more abstract representation) would allow
students to focus on relevant aspects of the problem (i.e., the
pressure gradient) and not be distracted by scientific termi-
nology or contextual detail that might trigger students to use
alternative reasoning.

The tendency to focus on surface features rather than fun-
damental principles may be exacerbated when students
must consider scenarios that are situated in living organisms
(18). When considering questions that deal with a specific
physiological system (i.e., blood flow in arteries), students
may be cued to call on the facts they have learned in class or
their everyday knowledge of that system. Often when rea-
soning about blood flow, students invoke their knowledge of
blood pressure being a value of 120/80 or of the cardiovascu-
lar system’s purpose of delivering oxygen to keep the body
alive (17). Accessing either of these resources to answer a
question about what causes blood to flow could be counter-
productive. We hypothesized that if the same question is
now situated in a nonliving system (i.e., fluid flowing
through a tube or hose) students may not invoke the needs
or behaviors of an organism to explain fluidmovement.

The first set of research questions below (RQ1A and RQ1B)
investigated the impact of three item contexts that vary in

the scenario in which the fluid is flowing: taxa (i.e., blood
flow in animals vs. phloem sap flow in plants), the amount of
scientific terminology (i.e., few or many specific terms), and
living versus nonliving systems (i.e., blood/sap flow in an or-
ganism vs. fluid flow in tubes).

RQ1A: Does assessment item scenario context influ-
ence the level or sublevel of bulk flow pressure gradi-
ent reasoning students use (Table 1)?

RQ1B: To what extent are undergraduate students con-
sistent in the level or sublevel of bulk flow pressure
gradient reasoning they use across assessment item
scenario contexts?

While developing the bulk flow pressure gradient reason-
ing framework (i.e., Ref. 17), we observed that many students
used reasoning that focused on themagnitude of the starting
pressure. Their reasoning would sometimes indicate that
they thought pressure difference was relevant but the more
important feature was the magnitude of the starting pres-
sure. In this study, we more deeply investigated this line of
student reasoning by varying which aspect of the pressure
gradient was kept constant (i.e., the starting pressure or the
pressure gradient). We hypothesized that students who pro-
vided a “flow down gradient” explanation when starting
pressures were the same would focus on the magnitude of
the starting pressure when confronted with different starting
pressures but the same pressure gradient.

A second set of research questions (RQ2A and RQ2B)
investigated how students reason when different aspects of
the pressure gradient were kept constant.

RQ2A: Do different aspects of the pressure gradient
being kept constant influence the level or sublevel of
bulk flow pressure gradient reasoning students use?

RQ2B: To what extent are undergraduate students con-
sistent in the level or sublevel of bulk flow pressure gra-
dient reasoning they use between items that differ in
which aspect of the pressure gradient is kept constant?

METHODS

Course and Student Population

We conducted investigations for all research questions in
the “Introductory Biology III: Plant & Animal Physiology”
course at a 4-yr R1 institution with 614 students enrolled.
This course was the third in the major’s introductory biology
series and surveyed multiple organ systems and physiologi-
cal processes in animals and plants. The course was taught
with high-structure active learning pedagogical practices
(42–45). The curriculum was designed using Modell’s gen-
eral models/Physiology Core Concepts (specifically flow
down gradients, mass balance, and control systems) as an
organizing framework to emphasize the broad utility of rea-
soning with general models and to align all instructional
tools (5, 13, 46–48).

In addition to completing Introductory Biology II with a
2.0 or higher grade point average (GPA) on a 4.0 scale,
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students must have taken the first and second quarters of
general chemistry, but there are no physics or math prereq-
uisites. We obtained student demographic information from
the registrar to investigate how student characteristics inter-
sected with their level of reasoning. Our student population
was 69% female (binary gender), 24% eligible for the univer-
sity’s Educational Opportunity Program (EOP) for economi-
cally or educationally disadvantaged students, 33% who
identified with a race/ethnicity of persons historically
excluded from science because of their ethnicity or race
(PEER; i.e., African American, Hispanic, Native American, or
Hawaiian-Pacific Islander) (59), and 14% first-generation col-
lege (FGN) students. Additionally, we obtained students’
grade point average (GPA) at the start of the term to account
for differences in student academic performance before
entering this biology course.

All procedures were conducted in accordance with
approval from the Institutional Review Board at The
University of Washington (STUDY00001316). As is typical
for studies that use data collected as a part of normal class
events (e.g., homework), a waiver of consent was obtained,
and students were able to opt-out of sharing their data
with researchers.

RQ1: Impact of Item Scenario Context

To investigate whether assessment item scenario context
influenced the level or sublevel of bulk flow pressure gradi-
ent reasoning a student used, we developed five bulk flow
items that varied in taxa, amount of scientific terminology,

or living versus nonliving system (Fig. 1). These items were
adapted from Doherty et al. (17). Each item provided stu-
dents with a prompt describing a scenario for an individual
context and a table listing the pressures at the beginning and
end of a series of identical tubes. We asked students to iden-
tify which tube had the highest flow rate and to explain the
reasoning for their choice in writing. To investigate RQ1A
(impact of item scenario context on level or sublevel), we
developed multiple versions of an online homework assign-
ment to facilitate assessment of all five contexts (Table 2). To
investigate RQ1B (impact of item scenario context on consis-
tency across items), we created six different item pairings
(Table 2). We separated each item pair by six unrelated
assessment items to avoid the possibility that any consis-
tency of reasoning we observed between the two bulk flow
items was an artifact of their similar formats. To ensure there
was no bias based on the order in which students were pre-
sented with a particular item within a pair, we used two
homework versions per pair, alternating which item came
first. In total, we implemented 12 versions of the homework
(Table 2).

We collected data before instruction in week 1 of the 10-wk
quarter via an online homework assignment that was graded
only for completion rather than correctness (n = 603). As we
were investigating consistency (or lack of consistency) in
reasoning across questions, it was important that the home-
work assignment did not allow students to go back and
change their answers after seeing subsequent questions. An
equal number of each homework version was assigned to

Animal with few terms

The same kind of blood flows through 
five very long identical blood vessels. 
Each vessel has the same diameter 
but different flow rates of 
blood. A scientist measures the 
pressure of the blood near the 
beginning and near the end of each 
blood vessel.

Blood 
vessel

Start 
pressure

End 
pressure

1 210 170

2 220 160

3 110 20

4 160 140

5 210 190

Which blood vessel has the greatest 
flow rate (L/min) of blood?

a. Blood vessel 1
b. Blood vessel 2
c. Blood vessel 3
d. Blood vessel 4
e. Blood vessel 5

Explain why the blood vessel you 
selected has the greatest flow rate 
(L/min) of blood.

Animal with many terms

A scientist is studying blood flow in 
the aorta of five different animal 
species of similar size and age. She 
found that the composition of the 
blood was identical in each animal as 
well as the diameter of their aortas, 
but the rate of blood flow through the 
aorta was different. The scientist 
measured the following pressures at 
the beginning (i.e., ascending aorta) 
and near the end (i.e., abdominal 
aorta) of the aorta.

Blood 
vessel

Start 
pressure

End 
pressure

Zebra 210 150

Camel 200 180

Elk 200 160

Water 
Buffalo 150 130

Sitka 
Deer 100 30

Which animal has the greatest flow 
rate (L/min) of blood through the 
aorta?

a. Zebra
b. Camel
c. Elk
d. Water Buffalo
e. Sitka Deer

Explain why the animal you selected 
has the greatest flow rate (L/min) of 
blood through the aorta.

Plant with few terms

The same kind of sap flows through 
three very long, phloem tubes. Each 
tube has the same diameter but 
different flow rates of sap. A scientist 
measures the pressure of the sap 
near the beginning and near the end 
of each phloem tube.

Phloem 
tube

Start 
pressure

End 
pressure

1 0.85 0.65

2 1.30 1.05

3 0.95 0.85

4 0.65 0.35

5 1.25 1.15

Which phloem tube has the greatest 
flow rate (L/hour) of sap?

a. Phloem tube 1
b. Phloem tube 2
c. Phloem tube 3
d. Phloem tube 4
e. Phloem tube 5

Explain why the phloem tube you 
selected has the greatest flow rate 
(L/hour) of sap.

Plant with many terms

A scientist is studying sap flow in 
phloem vessels in five different trees 
of similar size and age. She found 
that the composition of the sap was 
identical among the trees as well as 
the diameter of their phloem vessels, 
but the rate of sap flow through the 
phloem vessels was different. The 
scientist measured the following 
pressures at the top (i.e., in the tree 
crown) and near the bottom (i.e., the 
base of the trunk) of each phloem 
vessel.

Phloem 
tube

Start 
pressure

End 
pressure

Beech 0.60 0.30

Oak 1.20 1.10

Chestnut 0.90 0.80

Maple 1.25 1.00

Hickory 0.80 0.60

Which tree has the greatest flow rate 
(L/hour) of sap through the phloem 
tube?

a. Beech
b. Oak
c. Chestnut
d. Maple
e. Hickory

Explain why the tree you selected 
has the greatest flow rate (L/hour) of 
sap through the phloem tube.

Fluid with few terms

The same kind of fluid flows through 
three very long identical tubes. Each 
tube has the same diameter but 
different flow rates of fluid. A scientist 
measures the pressure of the fluid 
near the beginning and near the end 
of each tube.

Tube Start 
pressure

End 
pressure

1 210 150

2 200 180

3 200 160

4 150 130

5 100 10

Which tube has the greatest flow rate 
(L/min) of fluid?

a. Tube 1
b. Tube 2
c. Tube 3
d. Tube 4
e. Tube 5

Explain why the tube you selected 
has the greatest flow rate (L/min) of 
liquid.

Figure 1. Items for RQ1 investigating the impact of item scenario context on students’ bulk flow pressure gradient reasoning. Scenarios vary by taxa (i.e.,
blood flow in animals vs. phloem sap flow in plants), the amount of scientific terminology (i.e., few or many specific terms), and living vs. nonliving systems
(i.e., blood/sap flow in an organism vs. fluid flow in tubes).
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students in the course. However, some students selected a
different version from the one they were assigned, causing
our sample sizes for each homework version and item pair to
be unequal (Table 2).

We used the same coding rubric and procedure as described
in Doherty et al. (17) to code student responses (i.e., choice and
written explanation) by level and sublevel of the bulk flow
pressure gradient reasoning framework (i.e., Level 1 “nonme-
chanistic ideas,” Level 2.1 “pressure causes,” Level 2.2 “pres-
sures indicate,” Level 3 “flow down gradients”). See Table 1
and Doherty et al. (17) for a description of levels. We calibrated
coding by having two researchers use the coding rubric to
code 114 responses. Two codes from independent coders were
considered a match if they coded the responses to the same
level/sublevel. Interrater reliability for this calibration phase
was >90%. After this calibration phase, one researcher coded
the rest of the responses, with a second researcher coding 10%
of those data. Final agreement was>90%.

Of the 1,206 responses analyzed, only 29 (2.4%) were Level
1. These Level 1 responses were spread roughly evenly across
the five item scenario contexts. Given the small number of
Level 1 responses, we omitted these explanations from our
analysis, as we could not trust our interpretation of the
impact of context on these explanations.

We used logistic regression to investigate whether assess-
ment items with different contexts elicited different levels or
sublevels of student reasoning (RQ1A). As all items were rep-
resented in Item 1 across homework pairs and again in Item 2
(Table 2), we took a more conservative approach to our analy-
sis by limiting it to the level or sublevel of response that stu-
dents provided for the first item. In this way, we avoided any
impact answering the first item might have on the answer for
the second item. We ran two models, one investigating level
(Level 2 vs. Level 3) and one investigating sublevel (Sublevel
2.1 vs. Sublevel 2.2). The first model investigated whether item
scenario context influenced the probability that a student pro-
vided a Level 3 or Level 2 explanation. This data set included
594 explanations (Level 1 explanations removed). The second
model investigated whether item scenario context influenced
the probability that students providing a Level 2 explanation
also provided a Sublevel 2.1 or Sublevel 2.2 explanation. This

data set included 307 explanations (Level 3 explanations
removed). Each model included the fixed effects of item (Fig.
1), students’ GPA at the beginning of the course (to account
for differences in students’ academic performance before
entering the current course), and demographic variables: bi-
nary gender (men, women), EOP status, PEER status, and
FGN status. For all statistical tests and graphing, we used R
Statistical software (49). For statistical analysis we used pack-
ages stats and sjplot (50). To create figures we used both
ggplot2 and ggalluvial packages (51, 52).

To investigate to what extent undergraduate students used
consistent reasoning in the level or sublevel of reasoning
they used when item scenario context changed (RQ1B), we
calculated the percentage of students who reasoned consis-
tently. We coded each student’s response as being consistent
if they provided an explanation on the second item that was
coded to the same level or sublevel of reasoning as the first
item. To investigate whether item pairing or student’s level/
sublevel of reasoning influenced the probability that a stu-
dent provided consistent reasoning, we used logistic regres-
sion. This data set included 578 students who answered both
Items 1 and 2 at either Level 3 or Level 2. Using consistency as
the response variable, the model included, as fixed effects,
item pair (Table 2), the reasoning level the student used on
the first item in each pair, the student’s GPA at the beginning
of the course, and demographic variables.

RQ2: Impact of Which Aspect of the Pressure Gradient
Is Kept Constant

To investigate the level/sublevel of bulk flow pressure gradi-
ent reasoning students used and the consistency of their rea-
soning between items that have the same starting pressure but
different pressure gradient magnitudes or the same pressure
gradient but different starting pressures, we created a final
pair of questions thatmanipulated these variables (Fig. 2).

In our previous work (17) we found that a subset of stu-
dents explained that a starting pressure with a large magni-
tude had a strong pushing force that created a higher flow
rate. Some of these students indicated that they thought
pressure difference was also important but the most impor-
tant feature was the magnitude of the starting pressure.

Table 2. Description of homework assignment used to collect data for RQ1A,B

First Bulk Flow Pressure Gradient

Item on HW (used in RQ1A)

Second Bulk Flow Pressure

Gradient Item on HW Comparison for RQ1B Item Pair HW Version

No. of Students Taking

HW Version

Animal with few scientific terms Plant with few scientific terms Vary taxa, control sci. terms 1 1 48
Plant with few scientific terms Animal with few scientific terms Vary taxa, control sci. terms 1 2 54
Animal with many scientific terms Plant with many scientific terms Vary taxa, control sci. terms 2 3 34
Plant with many scientific terms Animal with many scientific terms Vary taxa, control sci. terms 2 4 51
Animal with few scientific terms Animal with many scientific terms Vary sci. terms, control taxa 3 5 36
Animal with many scientific terms Animal with few scientific terms Vary sci. terms, control taxa 3 6 44
Plant with few scientific terms Plant with many scientific terms Vary sci. terms, control taxa 4 7 34
Plant with many scientific terms Plant with few scientific terms Vary sci. terms, control taxa 4 8 57
Plant with few scientific terms Fluid with few scientific terms Living vs. nonliving system 5 9 84
Fluid with few scientific terms Plant with few scientific terms Living vs. nonliving system 5 10 71
Animal with few scientific terms Fluid with few scientific terms Living vs. nonliving system 6 11 35
Fluid with few scientific terms Animal with few scientific terms Living vs. nonliving system 6 12 55

RQ1A: Does assessment item scenario context influence level or sublevel of bulk flow pressure gradient reasoning students use? RQ1B:
To what extent are undergraduate students consistent in the level or sublevel of bulk flow pressure gradient reasoning they use across
assessment item scenario contexts? Each homework (HW) assignment contained 2 of the 5 possible bulk flow pressure gradient items:
animal with few scientific terms, plant with few scientific terms, animal with many scientific terms, plant with many scientific terms,
fluid with few scientific terms.
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Therefore, to investigate how students would reason if this
option was removed, we constructed the first item to have
tubes with the same starting pressure. To investigate
whether students who used pressure gradient reasoning on
an item that kept starting pressure constant would revert to
high pressure pushing reasoning when one starting pressure
was higher than the other, we created a second item where
the tubes had identical pressure gradients but the starting
pressure of one tube was nearly double that of the other
tube.

We collected responses to these items on an online home-
work assignment completed between the fifth and sixth

weeks of the 10-wk term (n = 537), which was after instruc-
tion on bulk flow in both the respiratory and cardiovascular
systems. The homework assignment consisted of two bulk
flow items in sequential order and one other physiology
item, not used in this study. Again, as we were investigating
consistency (or lack of consistency) in reasoning across
questions, it was important that students were not allowed
to go back and change their answers after seeing the subse-
quent questions in this online homework. We asked all stu-
dents both questions in the same order. We coded student
responses to reasoning level as described for RQ1. Of the
1,074 responses analyzed, only 21 (2%) were Level 1. Again,
we omitted these responses from further analysis.

To investigate whether the aspect of the pressure gradient
that was kept constant influenced the level or sublevel of rea-
soning students used (RQ2A), we used logistic regression. We
ran two models, one investigating level (Level 2 vs. Level 3)
and one investigating sublevel (Sublevel 2.1 vs. Sublevel 2.2).
Each model included, as fixed effects, item (Fig. 2), students’
GPA at the beginning of the course, and demographic varia-
bles. In these models, Student ID was included as a random
effect, as each student took both questions. The first model
investigated whether the aspect of the pressure gradient that
was kept constant (i.e., same starting pressure or same pres-
sure gradient) impacted the probability that students pro-
vided a Level 3 or Level 2 explanation. This data set included
1,053 explanations (Level 1 explanations removed). The sec-
ond model investigated whether the aspect of the pressure
gradient that was kept constant (i.e., same starting pressure
or same pressure gradient) impacted the probability that
students providing a Level 2 explanation also provided a
Sublevel 2.1 or Sublevel 2.2 explanation. This data set
included 362 explanations (Level 3 explanations removed).
There were few Level 2 responses in this data set, as these
data were collected in the middle of the quarter, after
instruction. Given the infrequent Level 2 answers, the sec-
ond model did not converge when it included all demo-
graphic variables. Therefore, we ran separate model
iterations for each EOP status, PEER status, and FGN sta-
tus, with each iteration including item, gender, and GPA.
We did not vary item order for this homework, so we can-
not say whether item order impacted the level of reasoning
students used.

To investigate to what extent undergraduate students
used consistent reasoning across these two items (i.e., same
starting pressure or same pressure gradient; RQ2B), we cal-
culated the percentage of students who answered consis-
tently. We coded each student’s response as being consistent
if they provided an explanation on the “same pressure gradi-
ent” item (second item) that was coded to the same level/
sublevel of reasoning as on the first item, the “same starting
pressure” item. To investigate whether a student’s level/sub-
level of reasoning influenced the probability that a student
was consistent, we used logistic regression. Note that as
there is only one item pair for RQ2B we cannot investigate
the impact of item pairing. This data set included the 523
students who provided Level 3 or Level 2 reasoning on both
items. Using consistency as the response variable, the
model included, as fixed effects, the reasoning level the
student used on the “same starting pressure” item, the stu-
dent’s GPA, and demographic variables.

Same starting pressures, different
pressure gradient

Same pressure gradient, different starting
pressures

1) The same kind of blood flows through two very long 
identical blood vessels. Each vessel has the same 
diameter. A scientist measures the pressure of the 
blood near the beginning and near the end of each 
blood vessel.

Blood
vessel

Start 
pressure

End 
pressure

1 210 180

2 210 150

Which blood vessel has the greatest flow rate (L/min) 
of blood?

a. Blood vessel 1
b. Blood vessel 2
c. They will have the same rate of flow

Explain the reasoning for your choice about which 
blood vessel has the greatest flow rate.

2) Now let's look at another set of tubes. The same 
kind of blood flows through two very long identical 
blood vessels. Each vessel has the same diameter.
A scientist measures the pressure of the blood near 
the beginning and near the end of each blood vessel. 
Both of these tubes have the same pressure 
difference but different starting and ending pressures.

Blood
vessel

Start 
pressure

End 
pressure

1 200 140

2 110 50

Which blood vessel has the greatest flow rate (L/min) 
of blood?

a. Blood vessel 1
b. Blood vessel 2
c. They will have the same rate of flow

Explain the reasoning for your choice about which 
blood vessel has the greatest flow rate.

Figure 2. Items for RQ2 investigating the impact of which aspect of the
pressure gradient is kept constant on students’ bulk flow pressure gradi-
ent reasoning. Items either had the same starting pressure but different
pressure gradients or the same pressure gradient but different starting
pressures.
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RESULTS

RQ1: Impact of Item Scenario Context

RQ1A: Does assessment item scenario context
influence the level or sublevel of bulk flow pressure
gradient reasoning students use?
We found that the item scenario context, demographic factors,
and incoming GPA did not significantly influence the level or
sublevel of reasoning in students’ explanations. Across items,
49% of students provided explanations at Level 3, whereas 51%
provided Level 2 explanations (Fig. 3). Of the Level 2 explana-
tions, Sublevel 2.1 “pressure causes” was used most commonly
(59% of Level 2 responses to all items). Although it appears (in
Fig. 3) that a higher proportion of students provided Level 3
explanations for the animal item with few scientific terms and
that there was variation in sublevel proportion by context,
modeling that controlled for GPA and demographic factors
showed that this was not a significant difference (Table 3).

RQ1B: To what extent are undergraduate students
consistent in the level or sublevel of bulk flow pressure
gradient reasoning they use across assessment item
scenario contexts?
We found that most students (76% of 578 students) used con-
sistent reasoning at level/sublevel across all item pairs.
Modeling that controlled for GPA, demographic factors, and
level of explanation of the first item showed that the likeli-
hood of student reasoning being consistent was not signifi-
cantly impacted by which item pair they answered (Table 3).
Gender was associated with consistent reasoning (odds ratio =

0.60; Table 3). An odds ratio of exactly 1 wouldmean that gen-
der is not associated with the odds of reasoning consistently
at level/sublevel across the two items on the homework. As
the odds ratio of the gender comparison for RQ1B is <1 and
females are the reference category in our analysis, there was a
lower odds of males reasoning consistently. Seventy-eight
percent of female students reasoned consistently, whereas
only 72% ofmale students did.

There was also a significant difference in the likelihood of a
student answering consistently based on the level of reason-
ing they used on the first item (Table 3). Eighty-nine percent
of students using Level 3 reasoning on the first item used it
again on the second item, 77% of students who used Level 2.1
“pressure causes” reasoning on the first item reasoned consis-
tently, and 43% of students using Level 2.2 “pressure indi-
cates’’ reasoning reasoned consistently (Table 4).

An alluvial diagram represents each student as a ribbon of
color that connects the level/sublevel of reasoning a student
used on the first item to the level/sublevel of reasoning they
used on the second item. The alluvial in Fig. 4 provides a visu-
ally informative display of the results shown in Table 4 but
also tracks which level/sublevel of reasoning each student
used on the first and then the second item. The alluvial shows
that of the students who moved from Level 3, Sublevel 2.1, or
Sublevel 2.2 on the first item roughly the same proportions
moved to each of the other two levels/sublevels. Note that the
sublevels of Level 2 are not ordinal but merely represent two
different ways students reasonwith the concept of pressure.

RQ2: Impact of Which Aspect of the Pressure Gradient
Is Kept Constant

RQ2A: Do different aspects of the pressure gradient
being kept constant influence the level or sublevel of
bulk flow pressure gradient reasoning students use?
We found that the aspect of the pressure gradient that was
kept constant (i.e., same starting pressure or same pressure
gradient) and GPA had a significant impact on the level of
reasoning students used, although demographic factors did
not (Table 4). Students were significantly more likely to rea-
son at Level 3 on the second item where the pressure gradi-
ent was kept constant and the starting pressure varied than
when they considered tubes where the starting pressure was
kept constant but the pressure gradient varied (69% and
62%, respectively). Students with higher GPAs were more
likely to provide responses at Level 3.

We also found that which aspect of the pressure gradient
was kept constant significantly impacted the likelihood of
students using Sublevel 2.1 and Sublevel 2.2 reasoning,
although incoming GPA and demographic factors did not.
On the first item, “same starting pressure,” Sublevel 2.2
“pressures indicate” reasoning was the most common (65%
of students using Level 2 reasoning). On Item 2, “same pres-
sure gradient,” the most common reasoning was Sublevel 2.1
“pressure causes” (69% of students using Level 2 reasoning).

RQ2B: Towhat extent are undergraduate students
consistent in the level or sublevel of bulk flow pressure
gradient reasoning they use between items that differ in
which aspect of the pressure gradient is kept constant?
We found that 70% of students were consistent in the level/
sublevel of reasoning they provided across the pair of items

Figure 3. Level/sublevel of bulk flow pressure gradient reasoning by item
scenario context on the first question of homework assignment for RQ1
that was given at the beginning of the term prior to instruction. Scenarios
vary by taxa (i.e., blood flow in animals vs. phloem sap flow in plants), the
amount of scientific terminology (i.e., few or many specific terms), and liv-
ing vs. nonliving systems (i.e., blood/sap flow in an organism vs. fluid flow
in tubes). These data relate to RQ1A: Does assessment item scenario con-
text influence the level or sublevel of bulk flow pressure gradient reason-
ing students use?
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addressing the same starting pressure versus the same pres-
sure gradient. Modeling that controlled for GPA, demo-
graphic factors, and level of explanation of the first item
again showed that gender and level of explanation on the
first item were significantly associated with the probability
that students were consistent (Table 3). Again, students rea-
soned most consistently when using Level 3 reasoning and
least consistently when using Sublevel 2.2 reasoning. Eighty-
six percent of students who used Level 3 reasoning on the
first item (same starting pressure) used it again on the sec-
ond item (same pressure gradient); 61% of students who
used Level 2.1 “pressure causes” reasoning on the first item
were consistent; and 34% of students who used Level 2.2
“pressure indicates” reasoning were consistent. On this pair

of items, however, male students were more consistent than
female students (86% and 67%, respectively).

When we plotted which students changed answers, the al-
luvial displayed three striking patterns (Fig. 5). First, when a
student using Level 3 reasoning on the “same starting pres-
sure” item changed reasoning for the “same pressure gradi-
ent” item, they changed almost exclusively to using Sublevel
2.1 “pressure causes” reasoning and not to Sublevel 2.2 “pres-
sures indicate” reasoning. Second, when a student using
Sublevel 2.1 “pressure causes” reasoning on the “same start-
ing pressure” item changed reasoning, they changed almost
exclusively to using Level 3 reasoning, with few moving to
Sublevel 2.2 “pressure indicates.” Third, when a student
using Sublevel 2.2 “pressures indicate” reasoning on the
“same starting pressure” item changed reasoning, approxi-
mately two-thirds of those who changed moved to Level 3
reasoning and the remaining third moved to Sublevel 2.1
“pressure causes” reasoning.

DISCUSSION

Accessing cognitive resources when answering questions
is a dynamic process that is often context dependent for stu-
dents (28, 53–55). In physiology, key cognitive resources are
understanding the Physiology Core Concepts and their appli-
cation across a plethora of contexts (e.g., across taxa and
across organ systems). These cognitive resources are pro-
posed to be the key to the successful transfer of understand-
ing from one specific situation to a novel situation (5, 9, 13).
To accurately predict the rate of blood flow to any organ in
the body, or to understand why rising too quickly from a
seated position may cause a person to feel light headed or
even pass out, how drinking seawater causes diarrhea, how
bile moves from the gallbladder to the duodenum, and why
plants produce less food during a drought, it is important for
students to have a deep understanding of the Physiology
Core Concept of “flow down gradients” and be able to apply
it across systems with structures that are uniquely named
for that system. However, research from other fields on using
the “core concepts” of their disciplines to support transfer
indicate that superficial features of the problem or scenario
often interfere with students’ successful transfer (6, 22–27).
We found that when students used the Physiology Core

Table 4. Percentage of students who provided short-answer responses consistent in level/sublevel of bulk flow pres-
sure gradient reasoning across scenario context comparisons

Taxa Item Pair Scientific Detail Item Pair Living vs. Nonliving System Item Pair

Across Item

Pairs

1 2 3 4 5 6

Animal or plant

with few scien-

tific terms

Animal or plant

with many sci-

entific terms

Animal with few

or many scien-

tific terms

Plant with few

or many scien-

tific terms

Plant or fluid with

few scientific terms

Animal or fluid with

few scientific terms

Level 3 “flow down
gradients”

98% 85% 90% 87% 92% 80% 89%

Level 2, 2.1 “pressure
causes”

77% 78% 78% 75% 78% 77% 77%

Level 2, 2.2 “pressures
indicate”

60% 43% 29% 43% 34% 54% 43%

Percentage of students who provided short-answer responses consistent in level/sublevel of bulk flow pressure gradient reasoning
across scenario context comparisons (see Table 2 for item pair descriptions). These data address RQ1B: To what extent are undergraduate
students consistent in the level or sublevel of bulk flow pressure gradient reasoning they use across assessment item scenario contexts?

Figure 4. Alluvial diagram of level/sublevel of bulk flow pressure gradient
reasoning by item order (1st bulk flow item on the homework or 2nd bulk
flow item on the homework) on homework assignment for RQ1 that was
given at the beginning of the term, prior to instruction. Data combined for
all homework versions (across all item scenario contexts). An alluvial dia-
gram represents each student as a ribbon of color that connects the level/
sublevel of reasoning a student used on the first item to the level/sublevel
they used on the second item. These data relate to RQ1B: To what extent
are undergraduate students consistent in the level or sublevel of bulk flow
pressure gradient reasoning they use across assessment item scenario
contexts?
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Concept of “flow down gradients” they were able to reason
correctly and consistently about fluid flow through tubes
with different superficial features. Furthermore, ours is
the first research to provide empirical evidence that stu-
dents who use a Physiology Core Concept successfully
transfer mechanistic reasoning across disparate physiolog-
ical scenarios.

Impact of Item Scenario Context on Student Level/
Sublevel of Reasoning

Our previous research on how students reason about bulk
flow pressure gradient items found three reasoning levels,
with Level 2 consisting of two sublevels (Table 1, Ref. 17). Our
present findings indicate that across item scenario context
(i.e., items with different taxa, different amounts of scientific
detail, and living and nonliving systems) there is no signifi-
cant difference in the level or sublevel of reasoning students
use to explain their answers. Therefore, we conclude that the
superficial features of the item scenario context do not
impact the difficulty of bulk flow pressure gradient items for
students entering a sophomore-level class on introductory
physiology. We were surprised that item scenario context
did not greatly influence students’ level/sublevel of reason-
ing, as others have found that students’ reasoning is
impacted by item scenario context (23–26, 31). We had
hypothesized that students would be more familiar with
problems that dealt with animals and blood flow, rather than
with plants and sap flow, and the greater familiarity with
animals could positively impact their reasoning. Similarly,
we predicted that students would reason at higher levels on
an item that was situated in a nonliving system (i.e., fluid in

a tube), as this context might be more familiar and less likely
to activate content-specific ideas than items set in a living or-
ganism. Conversely, we had hypothesized that questions
with more scientific terminology could prompt students to
inappropriately apply their everyday knowledge or incor-
rectly apply newly gained knowledge and therefore reason at
a lower level.

To explain our findings that item scenario context did not
impact students’ reasoning level/sublevel, we propose that
the format of our items is highly scaffolded, which allowed
students to see the items as “fluid flow through a tube” ques-
tions and to explain the phenomena regardless of whether
they knewwhat phloem sap or a phloem tube is. It is possible
that if we had asked the students a more open-ended, less
scaffolded question (e.g., without pressure values or indi-
cating that pressure is important to fluid movement across
these contexts) about what causes fluid or sap to flow
through an organism, we might have elicited much differ-
ent student reasoning about their understanding about
fluid flow across contexts. Biology students should be able
to apply flow down gradients to diverse contexts, and our
future work will explore how well students can reason
without scaffolding.

Impact of Aspect of the Pressure Gradient Kept
Constant on Student Level/Sublevel of Reasoning

Although item scenario context did not appear to influ-
ence which cognitive resources students activated and hence
the level/sublevel of reasoning they used, changing which
aspect of the pressure gradient was kept constant did. More
students used Level 3 “pressure gradient” reasoning on the
second item, “same pressure gradient,” than on the first
item, indicating that the second itemwas easier for students.
We propose that the students who used Level 3 reasoning on
the second item, but not the first, saw that both the starting
and ending pressures were different in the second item and,
while exploring the numbers, discovered that the pressure
gradients were identical and used that notable pattern to
reason.

Within students using Level 2 reasoning, more students
used Sublevel 2.2 “pressures indicate” reasoning on the first
item, “same starting pressure,” whereas more students used
Sublevel 2.1 “pressure causes” reasoning on the second item,
“same pressure gradient.” To try to determine why Sublevel
2.2 “pressures indicate” reasoning was more common on the
first item, we looked more closely at the student explana-
tions in relation to the pressure values in the item. These
explanations highlighted that different students privileged
some values in the tables of pressure values over others. We
propose that students using Sublevel 2.2 reasoning noticed
that the beginning pressures were the same and used the dif-
ferent ending pressures to explain what happened to gener-
ate those different ending pressures, rather than using the
difference in pressures to explain differences in flow. These
students may have wondered “What could cause the same
starting pressures but different ending pressures? What is
the difference in ending pressure telling me? Could it be
indicating a difference in flow?” In their responses, some of
these students reasoned that a high ending pressure was in-
dicative of high fluid volume due to a higher flow rate,

Figure 5. Alluvial diagram of level/sublevel of bulk flow pressure gradient
reasoning on homework assignment for RQ2 that was given in the middle
of the term. The first item on the assessment was “same starting pressure,
different pressure gradients.” An alluvial diagram represents each student
as a ribbon of color that connects the level/sublevel of reasoning a stu-
dent used on the first item to the level/sublevel they used on the second
item. These data relate to RQ2A: Do different aspects of the pressure gra-
dient being kept constant influence the level or sublevel of bulk flow pres-
sure gradient reasoning students use? and RQ2B: To what extent are
undergraduate students consistent in the level or sublevel of bulk flow
pressure gradient reasoning they use between items that differ in which
aspect of the pressure gradient is kept constant?
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whereas others saw the low ending pressure as indicating
low volume left in the tube, and hence that a higher flow rate
must have occurred.

Similarly, a closer analysis of students’ explanations in
relation to the pressure values in the second item, “same
pressure gradient,” also helped to explain why there are
more Sublevel 2.1 “pressure causes” responses to the second
item. We designed this item specifically to highlight the
same pressure gradient across both tubes, with one tube hav-
ing a higher starting pressure. Students using Sublevel 2.1
“pressure causes” reasoning selected the tube with the high-
est pressure values, as this tube has the “highest pushing
pressure,”which causes the highest flow rate. Students could
have used this same reasoning on the first item (they
would just choose the “flows are the same” option); how-
ever, the large difference in magnitudes of the starting
pressures on the second item seemed to cue students to
use “pressure causes” reasoning. We propose that these
students are currently learning to use gradients as driving
forces. These students know that gradients can be driving
forces, but, to them, high pressure values are too compel-
ling for explaining fluid flow.

Level/Sublevel of Reasoning Impacts Consistency

We that found a high percentage of students reasoned
consistently across all item comparisons (item scenario con-
text pairs and the aspect of pressure gradient pair), and we
found that the level/sublevel students used to reason on the
first item of the homework was predictive of whether or not
they used the same level/sublevel of reasoning on the second
item. Students who used Level 3 reasoning on the first item
were, by far, the most consistent (i.e., a higher percentage of
students who used Level 3 on the first item also used Level 3
reasoning on the second item), whereas students who used
Sublevel 2.2 reasoning were the least consistent. This pattern
held for both the item scenario context pairs (L3 89% > SL2.1
77% > SL2.2 43%) and aspect of the pressure gradient pair
(L3 86% > SL2.1 61% > SL2.2 34%). To avoid the possibility
that any consistency of reasoning we observed was an arti-
fact of the similar item format, we purposely inserted six
other items between the two bulk flow items to act as task-
switching items. Task switching has been shown to disrupt
student problem-solving skills and often leads tomore errors
(56, 57). We found that this type of task switching did not dis-
rupt students using Level 3 reasoning butmay have been dis-
ruptive for students using Level 2 reasoning.

The high degree of consistency among students who
used Level 3 reasoning indicated that these students had a
firm understanding that the magnitude of the pressure
gradient determines flow rate. This suggests that being
able to apply the principle of flow down gradients found in
the Physiology Core Concepts can support students in
transferring their knowledge across contexts (5, 9). We pro-
pose that students using Level 2 reasoning have a less ro-
bust understanding of bulk flow. These students may have
called on different cognitive resources in response to each
prompt (28, 58). These students may realize that they
should invoke a mechanistic explanation involving pres-
sure, but they do not yet consistently know which of their
pressure resources to apply (e.g., Poiseuille’s law, ideal gas

law, static pressure equation, pressure is directly or inver-
sely proportional to volume).

Even within students using Level 2 reasoning, students
who use Sublevel 2.2 “pressure indicates” reasoning are par-
ticularly inconsistent (43 or 34% of students using Sublevel
2.2 reasoning on the first item used it on the second item).
We that know students using Sublevel 2.2 reasoning can use
pressure or pressure gradients as a driving force because
when they do not use Sublevel 2.2 reasoning (are inconsis-
tent) they use either Level 3 “pressure gradient” reasoning or
Level 2.1 “pressure causes” reasoning. However, these stu-
dents do not reason consistently across these levels (Level 3
or Sublevel 2.1). We propose that this group of students is not
yet committed to reasoning with pressure or pressure gra-
dients as a causal mechanism. When we originally created
the bulk flow pressure gradient reasoning framework (17), we
did not consider one of the sublevels to be more productive
than the other. On the basis of the present results, we now
hypothesize that Sublevel 2.1 “pressure causes” reasoning is
more productive than Sublevel 2.2 “pressures indicate”
reasoning.

When Students Were Inconsistent, Did the Level They
Used to Explain the First Item Provide Insight into How
They Reasoned on the Second Item?

The alluvial diagram for RQ1 (Fig. 4) did not uncover any
obvious patterns as to where students moved from or to in
reasoning level between item scenario contexts. However,
the alluvial diagram for RQ2 (Fig. 5) showed an interesting
pattern in how students using different levels/sublevels of
reasoning changed the level/sublevel of reasoning they used
on the second item. We had hypothesized that the design of
the items in RQ2 would challenge students who vacillated
between high pressure pushing and the actual pressure gra-
dient as a cause for rate of flow. Therefore, we were not sur-
prised to see a number of students who provided a Level 3
explanation to the first item, “same starting pressure,”
change to Sublevel 2.1 “pressure causes” reasoning on the
second item, “same pressure gradient,” as this item now had
one tube with a higher starting pressure. However, the most
striking pattern observed was that any student who used
driving force reasoning on the first item (i.e., Level 3 “pres-
sure gradient” or Sublevel 2.1 “pressure causes”) continued
to use some form of driving force reasoning on the second
item. This may indicate that these students see pressure as
the causal agent in fluid flow. In contrast, students who used
Sublevel 2.2 “pressures indicate”moved to either of the other
two levels on the second item. We suggest that students
using Sublevel 2.2 “pressure indicates” reasoning are less sta-
ble in their understanding of what causes fluid flow.

Gender Was Not Associated with Reasoning Level/
Sublevel but Was Associated with Reasoning
Consistency

There was no difference in the level of reasoning used by
students who identified as either female or male across all
items. However, we did find that female students were more
consistent than male students in the level of reasoning they
used when the two items varied by context (78% and 72%,
respectively). The reverse was true for the items that varied
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the aspect of the pressure gradient kept constant; males rea-
soned more consistently than females (86% and 67%, respec-
tively). On items that varied the text in the prompt but
always presented a table with five tubes with the same pat-
tern of starting pressures and pressure differences (Fig. 1), it
seems that females may have more easily recognized that
these questions were similar and used the same pattern of
reasoning for both. However, when the values within the
pressure tables were quite different (i.e., items that varied in
which aspect of the pressure gradient was kept constant),
males weremore consistent.

Implications for Teaching

As instructors, one of our goals is for students to transfer
knowledge to novel situations. One teaching method that
has been shown to enhance students’ ability to transfer
knowledge is to provide multiple different examples of the
same concept (8). Students may not be as familiar with the
specific physiological processes of phloem sap through sieve
tubes or xylem sap through xylem vessels in plants.
However, students using Level 3 reasoning consistently used
this same level of reasoning even on items in these poten-
tially unfamiliar contexts. Furthermore, some students using
Level 2 reasoning on the first item moved to Level 3 rea-
soning on a new example, which may indicate that provid-
ing a variety of contexts could stimulate students to
consider other types of reasoning. Therefore, we suggest
that instructors incorporate disparate examples in instruc-
tion or homework to help students learn and successfully
transfer the Physiology Core Concept of “flow down [pres-
sure] gradients.”

In this study, at the beginning of an introductory biology
course for sophomores, we found that 51% of students used
Level 2 reasoning. Bymidquarter, after respiratory and cardi-
ovascular instruction designed to teach “flow down [pres-
sure] gradients,” we found that 38% of students still used
Level 2 reasoning at least once on our items. After another 5
weeks of instruction, one of which was a week that included
bulk flow instruction, a similar bulk flow item was given on
an end-of-quarter homework assignment, and we found that
only 14% of students used Level 2 reasoning (analyses not
shown). Although pressure gradients are a key aspect of
mechanistic reasoning in physiology, initially many stu-
dents in our sample did not apply the concept of a pressure
gradient and instead used other resources they have about
pressure to reason. They may have gained these resources
about pressure from their everyday life (water faucets or gar-
den hoses), from their physics courses (Bernoulli’s law), their
chemistry courses (Dalton’s law, Henry’s law, ideal gas law),
and/or their physiology courses (Poiseuille’s law, Fick’s law).
Therefore, instructors need to help students learn how to dif-
ferentiate and organize their multiple ideas and concepts
about pressure.

We propose that it is important for instructors to provide
students with ample time and a variety of practice items to
help them develop the understanding that rate of flow in a
tube is directly proportional to themagnitude of the gradient
(i.e., the difference in pressures between two points). In par-
ticular, our findings suggest that students need deliberate
practice with questions that change different aspects of the

pressure gradient while holding others constant. Too often,
textbooks and in-class examples provide only one set of val-
ues at each end of the tube, so students have not dealt with
variation. In addition to using the items in this article to pro-
vide that practice, instructors could ask students to generate
a set of tubes with different starting pressures but similar
flow rates. This activity could provide the deliberate and
focused practice that students need to understand the nature
of each of the variables in the bulk flow equations; flow (vol-
ume/time) is directly proportional to the magnitude of the
gradient (pressure difference between two points) and indi-
rectly proportional to the magnitude of the resistance (which
is not the pressure downstream pushing back).

Limitations

We did not create two sets of homework for RQ2 items
that presented the two items in a different order, nor did we
intersperse six other items not associated with this research.
We realize that item order and lack of items between the two
items may have influenced student performance on these
two items. Given that we found that item order did not
impact the reasoning level students used across the items
pairs used in RQ1, we posit that item order did not impact
student reasoning level on items in RQ2. However, we did
not test item order for RQ2.

This researchwas done in one class of 614 STEMundergrad-
uates taking the third and final course in the Introductory
Biology series at a competitive R1 university. To gain access to
this course students had to earn a 2.0 on a 4.0 scale in the pre-
vious course, whose course mean is usually a 2.8. Therefore,
our conclusions must be limited to that student population.
Moving forward, it will be important to greatly expand
institutional diversity in our study population. In particu-
lar, investigating student populations with less biology ex-
perience may yield more Level 1 responses, allowing us to
explore how item characteristics influence students using
that type of reasoning.

Although having two bulk flow items on the same home-
work allowed us to investigate consistency in reasoning
level/sublevel, it is possible that the format of the two ques-
tions was similar enough that studentsmay have ignored the
surface feature presented in the scenario (e.g., blood vessels
or phloem tubes) and only focused on the numbers in the
table. However, given that we found the level of reasoning
used to answer the first item had a large impact on the
probability that a student reasoned consistently, we feel
that the similar format of items may have had only a mini-
mal contribution.

Conclusions

We investigated the impact of item scenario context (i.e.,
taxa, amount of scientific details, living or nonliving system)
and which aspect of the pressure gradient is kept constant
on the level/sublevel and consistency of student reasoning
when answering bulk flow pressure gradient questions. Item
scenario context did not impact reasoning level/sublevel or
consistency of reasoning across multiple items on the same
assessment by students entering a sophomore-level intro-
ductory physiology course. We did find that the aspect of the
pressure gradient that is kept constant impacts the level/
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sublevel that students use at the midpoint of this same
course (after completion of both respiratory and cardiovas-
cular instruction). More students used Level 3 reasoning
when the pressure gradient was kept constant and the start-
ing pressures were different, whereas more students used
Sublevel 2.2 “pressure indicates” reasoning when the starting
pressures were the same and the pressure gradients were dif-
ferent. Varying the patterns in the pressure values given to
students seems to cue students to use different cognitive
resources they have about the concept of pressure.

We found that students using Level 3 “pressure gradient”
reasoning were the most consistent, whereas students using
Level 2 reasoning were less consistent. We argue that these
results support the claim that learning to reason with the
Physiology Core Concept of “flow down gradients” supports
successful transfer of knowledge. More broadly, these find-
ings are the first empirical evidence to support the claim that
using Physiology Core Concept reasoning supports transfer
of knowledge across different physiological systems. We sug-
gest that instructors who wish to develop their students’ abil-
ity to transfer this key physiological principle should
consider integrating it into their physiology curriculum.
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