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ABSTRACT

University students often struggle to understand the role of water in plant cells. In par-
ticular, osmosis and plasmolysis appear to be challenging topics. This study attempted to
identify student difficulties (including misconceptions) concerning osmosis and plasmol-
ysis and examined to what extent the difficulties could be revised during a plant physi-
ology course. A questionnaire was developed to monitor university students’ conceptual
knowledge before and after a course, and both qualitative and quantitative data were ob-
tained. The data were analyzed using the constant comparison technique and descrip-
tive statistics. Students were found to come to university with many misconceptions that
had accumulated during their education. These misconceptions are extremely difficult
to change during the traditional course, which comprises lectures and practical exercis-
es. Students’ misconceptions originate from commonly used sources such as textbooks,
which are perceived as being reliable. Effective teaching of water relations in plant cells
could include such didactic methods as “questioning the author,” which allow teachers to
monitor students’ knowledge and help students acquire a more scientific understanding
of key concepts.

INTRODUCTION

Misconceptions and Conceptual Change: General Concept

According to the constructivist view of learning, preconceptions play a crucial and
productive role in the acquisition of expertise. Students’ prior notions serve as a
resource for cognitive growth within a complex system of knowledge (Smith et al.,
1994). Over the past three decades, students’ misconceptions in a wide range of sub-
ject areas have been identified and categorized (e.g., see Pfundt and Duit, 2004).
These personal conceptions are often deeply rooted and instruction-resistant obstacles
to the acquisition of scientific concepts, and they may remain even after instruction
(Dikmenli, 2010). It is well documented that such misconceptions are resistant to
change (e.g., Driver 1989; Mintzes et al., 1998, 2005). Misunderstandings may have
been present before any teaching and can be found even after teaching has taken place
(Ozmen, 2004). It has also been reported that such misconceptions may be held by
teachers or presented in textbooks (Wandersee et al., 1994; Bahar, 2003; Dikmenli,
2010).

The process of changing misconceptions to correct scientific conceptions is called
conceptual change. Chi and Roscoe (2002) proposed that misconceptions should be
named as “miscategorization of concepts” and the process of conceptual change as
“conceptual reorganization,” since it needs an ontological shift from one “ontological
category” to another. They point out that this reorganization is difficult or challenging
when students are unaware of their misconceptions and/or lack the alternative
category into which they should reassign them. However, diagnosing students’ con-
ceptions and misconceptions is a prerequisite to developing lessons that result in
a conceptual change (Odom, 1995).
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The Issue of Water Relations in Plant Cells

Water relations in plant cells are among the most important
topics in university courses on plant physiology. Learning
about mechanisms underlying water balance in plant cells is
dependent on understanding concepts such as osmosis and
diffusion. Diffusion is defined as the random, thermal move-
ment of molecules in which a net flow of matter moves along
a concentration gradient (from an area of higher concentra-
tion toward an area of lower concentration; Friedler et al.,
1987; Freedman and Sperelakis, 2012). Osmosis is the flow of
a solvent across a semipermeable membrane from a region of
lower to higher solute concentration (Kramer and Myers,
2012). The osmotic flow is governed by water potential, which
in a simplified form may be described as the sum of pressure
potential and solute potential, wherein pressure potential is
equal to hydrostatic pressure (Kramer and Myers, 2013). The
water uptake and release in the cell is based on osmosis.
Although the water transport through the cell membranes also
occurs directly across the phospholipid bilayer, rapid translo-
cation of large water volumes is carried out by aquaporins—
major membrane intrinsic proteins, called also “water chan-
nels” (Johansson et al., 2000). In walled cells, osmotic flow of
water out of the cell leads to a phenomenon called “plasmoly-
sis,” in which the cytoplasm shrivels and the plasma mem-
brane pulls away from the cell wall (Minorsky, 2008).

Misconceptions around Water Relations in Plant Cells

Our observations, based on our experience of teaching univer-
sity students over many years, suggest that understanding
mechanisms underlying the water relations in plant cells
remains extremely difficult. These difficulties may result from
the fact that this topic is related to the processes of diffusion
and osmosis, which have been reported as some of the hardest
biological concepts to understand (Odom, 1995; Sanger et al.,
2001; She, 2004). It is thought that problems with understand-
ing diffusion and osmosis are the result of a number of causes:
a confusion regarding vernacular and scientific usage of such
terms as pressure, concentration, and quantity; misunderstand-
ing technical concepts such as solution, semipermeability, and
molecular and net movement; and insufficient abilities in terms
of formal reasoning, visualization, and thinking at the mole-
cular level (Odom and Barrow, 1995; She, 2004).

These difficulties can result in students’ knowledge concern-
ing diffusion and osmosis being fragmentary and burdened
with a number of misconceptions. Inadequate appreciation of
the random molecular movement concept results in a common
belief that diffusion and osmosis occur because molecules
“want” or “aim” to reach equal concentrations in the whole sys-
tem (Friedler et al., 1987; Odom and Kelly, 2001; Meir et al.,
2005). Other widespread misconceptions include 1) a convic-
tion that the movement of particles takes place only until con-
centrations between environments equalize (Odom and Kelly,
2001; Meir et al., 2005; Tomazi¢ and Vidic, 2012) and 2) a
view that diffusion speed is irrespective of the concentration
difference (Meir et al., 2005).

Many students also have problems comparing concentra-
tions and understanding the “equal concentration” term, which
students often equate with meaning an equal quantity of water
molecules on each side of the semipermeable membrane. There
are also beliefs that increased molecular density is unrelated to
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pressure or volume; a view that solutes differing in the size of
particles would have differing effects on osmosis; a conviction
that both processes will not continue after the cell’s death; and,
finally, a confusion between the concepts of diffusion and
osmosis (Meir et al., 2005; Tomazi¢ and Vidic, 2012).

To understand basic mechanisms determining water bal-
ance in plant cells, it is necessary not only to understand diffu-
sion and osmosis accurately but also to know about plasmolysis
and be aware of the relationships between all three processes.
Despite the fact that educational difficulties in understanding
water relations may, to a large extent, be connected with prob-
lems arising from misunderstanding diffusion and osmosis,
other factors disturbing the didactic process cannot be excluded.

Content Analysis and Textbooks as the Sources of
Misconceptions

Some of the most important sources of students’ scientific
knowledge are textbooks, which are often the major source of
reference in biology lessons (Edling, 2006). Content analysis
reports indicate that textbooks can contain serious factual
errors (Cho et al., 1985; Dikmenli and Cardak, 2004; Kose and
Hasenekoglu, 2011).

Content analysis is a useful research tool widely applied in
the social sciences “for making valid and replicable interfer-
ences from data to their context” (Krippendorff, 1989). To
investigate data within a specific content, the method requires
a common analytical procedure, including formulating research
questions, selecting samples, defining applied categories, out-
lining and implementing the coding process, and analyzing the
results (Kaid, 1989; Krippendorff, 1989). According to Hsieh
and Shannon (2005), the success of content analysis depends
greatly on the coding. Therefore, coding was the last step in our
research and addressed the question “Are textbooks a source of
misconceptions about osmosis for Polish university students?”

The Aims of the Study

The first aim of our study was to identify and determine the
prevalence of university biology students’ misconceptions con-
cerning osmosis and plasmolysis. Next, we investigated whether
and to what extent those misconceptions are subject to concep-
tual change in the course of discussing osmosis and plasmolysis
during a plant physiology course. The prevalence of some
misconceptions, a subset of which are more common than the
scientific point of view among students, had prompted us to
suspect that that they have their roots in commonly available
and seemingly reliable sources of knowledge. Research indi-
cates that the major source of reference for students during
biology lessons is textbooks (Edling, 2006), which have already
been shown to perpetuate some misconceptions (Cho et al.,
1985; Dikmenli and Cardak, 2004; Kose and Hasenekoglu,
2011). Previous research prompted us to analyze whether high
school and university textbook definitions of osmosis and plas-
molysis contribute to the dissemination and preservation of the
misconceptions concerning these phenomena.

METHODS

Questionnaire Design

We developed a questionnaire to identify problems related to
understanding the regulation of water balance in plant cells.
The questions were based on previously gathered data obtained
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from informal interviews with biology high school and univer-
sity teachers, class observations, student tests and examinations
from previous years, and previous research (e.g., She, 2004;
Meir et al., 2005; Tomazi¢ and Vidic, 2012). The data allowed
us to identify areas that caused particular difficulties for stu-
dents. Having identified a number of “difficult” topics and con-
cepts, we designed a pilot version of the questionnaire that
included open, semiopen and closed questions. The open ques-
tions were generally applied to obtain in-depth, qualitative data
concerning student understanding of osmosis and plasmolysis.
The closed and semiopen questions were applied to obtain
quantitative data about the stage of education at which the con-
cepts had been taught and the educational methods that had
been used to introduce students to them.

The content validity of the questionnaire was established by
two experienced biology academics. Next, the pilot study was
completed by 32 biology students at Adam Mickiewicz Univer-
sity, and the initial version of the questionnaire was revised. For
example, some of the open questions were clarified by changing
them to semiopen or closed items.

The final version of questionnaire consisted of 12 questions
(or tasks), of which four were closed, two semiopen, and the
other six open (see questionnaire in the Supplemental Material).
Four of the questions identified the education level at which
students became familiar with the concepts of diffusion, osmo-
sis, and plasmolysis and the didactic methods used to teach
them. The remaining eight questions concerned students’ knowl-
edge of definitions of diffusion, osmosis, plasmolysis, and water
potential; their ability to use tonicity and water potential con-
cepts as “forces” that determine net water flow in a certain direc-
tion; their ability to distinguish between osmosis and diffusion;
their understanding of the relationship between osmosis and
plasmolysis and the role of aquaporins in both processes; and,
finally, their awareness of the nature of osmosis (physical) and
plasmolysis (biological).

Students were asked to label their questionnaires with the
numbers of their student groups and the last four digits of their
personal identity numbers according to the scheme G (group
number) and PIN last four numbers (e.g., 5355). Additionally,
at the beginning of each respondent’s codes, we added the
research stage number (S1 or S2).

Participants

All the participants were students enrolled in the plant physiol-
ogy course in 2014. The research was carried out in two stages.
First, the diagnostic questionnaire was completed by a group of
105 second-year biology students before starting a course on
plant physiology comprising lectures and practical exercises in
the field of water relations in plant cells (stage 1). Second, the
same group of students answered the diagnostic questionnaire
after the teaching sequence (stage 2). The size of the participant
group at this stage was 98.

Structure of Plant Physiology Course

The whole plant physiology course comprised 30 hours of lec-
tures, 10 hours of seminars, and 60 hours of practical exercises.
The concepts of diffusion, osmosis, and plasmolysis were dis-
cussed directly during a lecture and 9 hours of practical exer-
cises (two sessions of 4.5 hours each). During every practical
exercise, students in groups of four performed four or five
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experiments. For each experiment, the students were obliged to
write a report containing their results and conclusions. The
conclusions were discussed with the teacher and, if necessary,
corrected. One week after the practical exercises, the diagnostic
questionnaire for stage 2 was completed.

Questionnaire Analysis
The questionnaire analysis method was based on Creswell
(1994). First, the data were organized and prepared for analy-
sis. We then read through all the questionnaires and let-
ter-coded the data; the letter-coded data were used to develop
categories (for details, see answer key in the Supplemental
Material). The data were interpreted and described on the basis
of the created categories. We applied the constant comparison
technique when coding the data (Glaser and Strauss, 1967). In
this process, codes and categories were repeatedly refined.
Questionnaires in which respondents indicated they were
not familiar with a given concept (tasks 1 and 7) were excluded
from the analysis. To ensure interrater reliability, two univer-
sity biology teachers participated in the process of creating the
coding system, and they independently analyzed the question-
naires. The initial coding agreement rate was 92%, and any
disagreements were settled by discussion. Analysis of the inci-
dence of each category allowed an indication of the most com-
mon misconceptions. Tasks with no or illegible answers were
excluded from the analysis. For the analysis of the closed ques-
tionnaire questions, a descriptive statistic method was applied.
The chi-square test (Stangroom, 2014a) was applied to deter-
mine the relationship between the frequency of incorrect
answers to particular questions at different stages of the
research (1 or 2; Huck, 2008). To investigate the significance
of changed answers to the same questions and misconcep-
tions, we applied the z-test for two-population proportions
with the use of z-test calculator for two-population propor-
tions (Bluman, 2009; Stangroom, 2014b). Tasks with illegible
answers were excluded from the analysis.

Qualitative Analysis of Textbooks

We used content analysis to identify textbook definitions of
osmosis and plasmolysis that may promote misconceptions.
This method was also used to determine whether and how
aquaporins are described. The analysis was performed with
regard to 13 of the most commonly used textbooks in Poland
(five at the high school level and eight at the university level).
Literature-based categories were then set (e.g., Meir et al.,
2005; Rundgren et al., 2010; Kramer and Myers, 2012) and
used in the analysis. The following categories of osmosis defini-
tions emerged: 1) not mentioning the presence of the semiper-
meable membrane; 2) indicating that particles pass through the
biological membrane; 3) limiting the osmotic process to water
molecules or liquids only; 4) indicating that osmosis is a case of
diffusion; and 5) indicating tonicity or solute concentration gra-
dient as the driving force for osmosis. The definition of plasmol-
ysis provided by the textbooks was also analyzed using two
criteria: 1) Is the definition of plasmolysis present in the given
textbook or not? 2) Does the definition or description of the
process indicate that plasmolysis results from osmotic flow of
water from the cell? The analysis of the aquaporin definition
was conducted in four categories: 1) indication that aquaporins
participate in water transport; 2) indication that aquaporins are
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present in the cell membrane; 3) indication that aquaporins are
proteins; and 4) indication that aquaporins form channels.

RESULTS

Stage 1: Students’ Knowledge and Understanding of
Concepts Related to Water Balance in Plant Cells before
the Plant Physiology Course

All participants stated that they were familiar with osmosis, and
the vast majority claimed they had learned about it at an earlier
(nonuniversity) stage of education (questionnaire, task 1). Most
students (90%, n = 105) also claimed they were familiar with
plasmolysis. The vast majority of students who claimed to be
familiar with plasmolysis reported that the subject had been
introduced at previous (nonuniversity) stages of education (90%;
questionnaire, task 7). Respondents reported that their school
classes concerning osmosis and plasmolysis had been mainly the-
oretical. Among other didactic methods used at school, students
mentioned experiments illustrating osmosis (19%) or plasmoly-
sis (19%) and a film or animation presenting osmosis (20%) or
plasmolysis (6%; questionnaire, tasks 2 and 8).

Despite the fact that all students stated they were familiar
with osmosis, only 11% of them were able to define the process
correctly as permeation of water/solute/dispersed phase through
the semipermeable membrane (Table 1, task 3). The most fre-
quent mistakes included not mentioning the presence of the
semipermeable membrane (66%), for example, “osmosis is pen-
etration of the solution from higher concentration to lower con-
centration” (Student S1G2.2280), and confusion concerning
kinds of particles passing through the membrane (57%), for
example, “salts or other compounds dissolved in water migrate
from the points of higher concentration to a place of lower con-

centration through the barrier” (Student S1G4.2806). Another
widespread misconception (54%) was the belief that osmosis was
a biological process that occurred only in cells of living organ-
isms, that is, animal cells, plant cells, or both, but not in artificial
systems (Table 2). This misconception appeared even if the stu-
dent was able to define the osmotic process (Table 3, task 3/9a).

The vast majority of students were unable to indicate the
difference between diffusion and osmosis. Only 7% explained
that osmosis occurred in the presence of the semipermeable
membrane, while in answers related to the process of diffusion,
the membrane was usually absent (Table 1, task 5). Knowledge
of the difference between diffusion and osmosis and the ability
to define osmosis also varied (Table 3, task 3/5). The most
widespread misconception concerning the difference between
both processes was the belief that osmosis referred only to
water (27%) and diffusion to other molecules or only to gases.
The difference between both processes was often related to the
concentration gradient, for example, “diffusion takes place
down the concentration gradient, and osmosis not” (Student
S$1G3.3546), or the involvement of carriers, for example, “diffu-
sion can be facilitated” (Student S1G2.6425; Table 2).

None of the students was able to give the correct definition
of water potential (Table 1, task 6); however, 25% of them
could indicate correctly the direction of the net movement of
water molecules between solutions with differing water poten-
tials (Table 1, task 4b). The most frequent mistake (25%) was
to confuse the type of particles moving through the membrane,
for example, both water and solutes. Another frequent (14%)
error concerned an incorrect direction of net water flow
(Table 2). Students were generally familiar with the concept of
tonicity, since a third of them correctly identified the direction

TABLE 1. The significance of changes in percentage of correct answers before (stage 1) and after (stage 2) plant physiology course

according the z-test for two-population proportions

% of correct answer % of correct answer  z-Score Significance
Task number Task description in stage 1 in stage 2 value p Value (o= 0.05)
The number of questionnaires included in the analysis 105 98
3 Definition of osmosis 11 32 -3.70 0.00 Significant
The number of questionnaires included in the analysis 83 88
4a Particle movement in tonicity context 34 39 -0.72 0.47 Not significant
4b Particle movement in water potential 25 54 -4.30 0.00 Significant
context
The number of questionnaires included in the analysis 105 98
5 Difference between diffusion and 7 22 -3.09 0.00 Significant
0smosis
6 Definition of water potential 0 7 —-2.69 0.01 Significant
The number of questionnaires included in the analysis 95 98
9a Structures where osmosis occurs 32 42 -1.58 0.11 Not significant
9b Structures where plasmolysis occurs 54 66 -1.69 0.09 Not significant
The number of questionnaires included in the analysis 74 92
10 Cell behavior in solutions with water 30 50 -2.90 0.00 Significant
potential lower/higher then water
potential of cell interior
The number of questionnaires included in the analysis 95 98
11 Role of aquaporins in osmosis and 60 55 0.48 0.48 Not significant
plasmolysis
12 Osmosis—plasmolysis relationship 16 32 -3.09 0.00 Significant

The table does not include questions 1, 2, 7, and 8. The excluded questions were designed to determine whether students were familiar with the concepts of diffusion
and osmosis and to determine teaching methods used for this purpose. Tasks with illegible answers were excluded from the analysis.
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TABLE 2. The identified misconceptions and significance of changes in their distribution before (stage 1) and after (stage 2) plant

physiology course

Definition of osmosis

Stage 1

Stage 2

Number of answers included in the analysis

101

98

Significance of change in
frequency (o. = 0.05)

Misconception Frequency (%) 2-Score p Value Result

Not mentioning the presence of a semipermeable membrane 66 50 2.31 0.02 Significant

Confusion concerning kind of particles passing through the 57 35 3.14 0.00 Significant
membrane

Particle movement in tonicity context

Number of answers included in the analysis 77 80

Confusion in type of particles moving through the membrane 25 20 0.85 0.40 Not significant

Improper direction of net water flow 9 18 -1.88 0.06 Not significant

Particle movement in water potential context

Number of answers included in the analysis 70 79

Confusion in type of particles moving through the membrane 25 16 1.58 0.11 Not significant

Improper direction of water flow 14 6 1.89 0.06 Not significant

Difference between diffusion and osmosis

Number of answers included in the analysis 96 98

Osmosis refers only to the water and diffusion to other 27 22 0.83 0.40 Not significant
molecules/gasses

Difference is in direction of flow in relation the concentration 14 1 3.47 0.00 Significant
gradient

Difference is in involvement of carriers 14 19 —0.96 0.34 Not significant

Structures where osmosis occurs

Number of answers included in the analysis 95 98

Osmosis is a biological process that occurs only in cells 54 41 1.85 0.06 Not significant
of living organisms (animal cells, plant cells or both
types of the cells, but not in artificial systems)

Structures where plasmolysis occurs

Number of answers included in the analysis 95 98

Plasmolysis occurs in animal cells 28 14 2.44 0.01 Significant

Plasmolysis occurs in artificial structures 18 21 —0.54 0.60 Not significant

Cell behavior in solutions with water potential lower/

higher then water potential of cell interior

Number of answers included in the analysis 55 85

Confusion with direction water flow 65 39 3.71 0.00 Significant

No changes in the cell shape indicated 60 41 2.71 0.01 Significant

Osmosis-plasmolysis relationship

Number of answers included in the analysis 54 65

They relate to migration (transport) of water 10 7 0.76 0.45 Not significant

Operate on the same principle 6 8 —-0.56 0.58 Not significant

Tasks with no or illegible answers were excluded from the analysis.

of net water flow when concepts of “hypertonic” and “hypo-
tonic” solutions were applied (Table 1, task 4a). The direction
of net water flow in this context was incorrectly indicated by
only 9% of the students, and as in the case of water potential,
the most frequent mistakes related to the kind of molecules
passing through the membrane (25%).

More than half of the respondents (54%) correctly identified
the plant cell as an example of a structure in which plasmolysis
could be observed (Table 1, task 9a). The majority of students
(60%) were also familiar with the concept of aquaporins and
their function in the cell membrane (Table 1, task 11). How-
ever, only 16% could define plasmolysis accurately as being
caused by osmotic water flow from the cell (Table 1, task 12).

CBE—Life Sciences Education « 15:ar78, Winter 2016

Among the most frequent incorrect answers concerning associ-
ations between both processes were statements about migra-
tion (transport) of water (10%), for example, “both processes
are related to water transport” (student: S1.G1.5355), and
operating principle (6%), for example, “both processes are
energy independent” (student: S1.G3.6320; Table 2).
According to the chi-square test analysis, being able to
define osmosis correctly and being able to identify the relation-
ship between osmosis and plasmolysis were independent. Sim-
ilarly, we did not observe any association between the ability to
indicate structures where osmosis or plasmolysis occurred and
the ability to correctly identify the relationship between osmo-
sis and plasmolysis (Table 3, task 9a/12 and 9b/12). Only 30%
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of the participants were able to accurately describe the behavior
of a cell placed in solutions that had higher or lower water
potential than the water potential of the cell itself (Table 1, task
10; Figure 1A). Being able to illustrate cells in solutions differ-
ing in water potential, such as changes in cell shape, and knowl-
edge of associations between osmosis and plasmolysis were
dependent. The most frequent mistake was to confuse the
direction of the net motion of water molecules (65%; Figure 1C),
which, according to the chi-square test analysis, resulted from a
lack of ability to apply the water potential concept in practice
(Table 3, task 4b/10). The majority of the students (60%) did
not include any changes in the cell shape in their drawings
(Figure 1B). The awareness of the changes in the cell shape and
the ability to indicate differences between osmosis and plasmol-
ysis were independent (Table 3, task 10/12A). The average
number of correct answers to the questionnaire items during
the first stage of the research was 27%.

Stage 2: Students’ Knowledge and Understanding of
Concepts Related to Water Balance in Plant Cells after the
Plant Physiology Course

After the plant physiology course, the average number of correct
answers increased from 27 to 42%. Although the result was

A - -Q‘ H,g[!'

FIGURE 1. Examples of students’ drawings in response to task 10.
(A) An example of proper answer (Student S1G3.7515). Direction of
water molecules net flow is indicated correctly and changes in the
cell shape were taken into account. (B) An example of answer in
which, although the direction of water flow is proper, there is no
indication of changes in cell shape (Student S1G2.2516). (C) The
direction of water flow is incorrect, and there are no changes in the
cell shape (Student S1G2.0518).

CBE—Life Sciences Education « 15:ar78, Winter 2016
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statistically significant (z-score: 2.2863, p value is 0.02202,
p < 0.05), it was still unsatisfactory, since it indicated that the
topic of water relations in plants remained elusive for the major-
ity of students even after lectures and practical activities. The
largest increase in correct answers (from 25% in stage 1 to 54%
in stage 2) concerned the direction of water flow between solu-
tions differing in water potential (Table 1, task 4b). This gain is
understandable, because water relations in plant cells were dis-
cussed during the course in the context of water potential, not
tonicity. The knowledge of the “water potential” definition also
increased significantly (Table 1, task 6), even though the term
still remained rather obscure for students, with only 7% able to
define it correctly as the amount of Gibb’s free energy (or useful
work) that 1 mole of water contributed to the system. Osmosis
was also much better understood (an increase from 11% correct
in stage 1 to 32% in stage 2; Table 1, task 3). Generally, stu-
dents were considerably less confused after the course about
the type of particles passing through the membrane and were
more aware of the participation of the semipermeable mem-
brane in osmosis (Table 2). Although the number of correct
osmosis definitions was much higher, almost two-thirds (68%)
of respondents were still unable to give the correct answer.

The occurrence of misconceptions concerning the definition
of osmosis remained unchanged. Students perceived it as a bio-
logical process (41%) and indicated that it occurs in living cells
but not in artificial systems (Table 2). Their knowledge of the
definition of osmosis and their ability to indicate structures
where osmosis may be observed remained unrelated (Table 3,
task 3/9a). A significant increase was observed in the percent-
age of correct answers about the difference between diffusion
and osmosis (Table 1, task 5). Students’ prior belief that the
difference was related to the concentration gradient disap-
peared (Table 2). However, answers linking the difference
between both phenomena with the carriers’ involvement
remained at the same level (Table 2). We did not observe any
statistically significant changes in the occurrence of the miscon-
ception that osmosis was related only to water and diffusion to
other molecules/gases (Table 2). As in stage 1, the ability to
distinguish between diffusion and osmosis depended on being
able to correctly define osmosis (Table 3, task 3/5).

An awareness of structures where plasmolysis may occur
remained at the same level (Table 1, task 9b). We observed,
however, a significant increase (from 30% in stage 1 to 50% in
stage 2) in the proportion of correct illustrations of the cell
placed in solutions in which the water potential differed in rela-
tion to the water potential of the cell (Table 1, task 10). Students
were significantly less confused about the direction of water flow
between solutions (Table 2). This reduction in confusion was
probably due to the ability to use the water potential concept in
practice and higher awareness of changes in the cell shape that
occurred during water flow from the cell (Table 2). Interestingly,
the relationship between the ability to apply the water potential
concept in practice and the ability to identify accurate illustra-
tions of events occurring in the cell placed in solutions with dif-
ferent water potentials that were apparent before the physiology
course was not visible in stage 2 (Table 3, task 4b/10).

Students’ awareness of the association between plasmolysis
and osmotic water flow outside the cell increased from 16% in
stage 1 to 32% in stage 2, and the increase was statistically
significant (Table 1, task 12). Nevertheless, most common
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misconceptions concerning this issue remained unchanged.
Students still thought that osmosis and plasmolysis were related
to water flow or that both processes had a common goal, that
is, to reach equal concentrations (Table 2). Unlike in stage 1,
students’ understanding of the relationship between osmosis
and plasmolysis relied on being able to correctly define osmosis
(Table 3, task 3/12). As in stage 1, the ability to identify the link
between osmosis and plasmolysis did not result in the correct
illustration of events occurring in the cell placed in solutions
with different water potentials (Table 3, task 10/12) or in the
awareness of changes in the shape of the cell placed in solutions
of different water potentials (Table 3, task 10/12A). Also as in
stage 1, we did not observe any relationship between the ability
to indicate structures where osmosis or plasmolysis occurred
and the ability to indicate the relationship between osmosis and
plasmolysis (Table 3, tasks 9a/12 and 9b/12). The frequency of
correct answers concerning the role of the aquaporin in plant
cells remained unchanged (Table 2).

Qualitative Analysis of Textbooks

The high school and university textbooks were analyzed in
terms of statements that supported the misconceptions identi-
fied above. Because students often neglected to identify the
presence of the semipermeable membrane in osmosis (66% in
stage 1 and 50% in stage 2) and were not able to properly indi-
cate the kind of particles passing through the membrane (57%
in stage 1 and 35% in stage 2), the textbooks” definitions of
osmosis were analyzed to identify whether they clearly indi-
cated the presence of a semipermeable membrane in that pro-
cess and specified the type of particles passing through the
membrane. Additionally, we examined whether the textbook
definitions 1) supported the idea that osmosis is limited only to
water or liquids; 2) promoted the idea that osmosis is a special
case of diffusion; or 3) indicated that the tonicity/concentration
gradient is the driving force behind osmosis. Because the major-
ity of students were unable to indicate the relationship between
osmosis and diffusion (84% in stage 1 and 68% in stage 2), the
textbooks’ definitions of plasmolysis were checked as to
whether they indicated the cause—effect relationship between
the processes. Despite the fact that the plasmolysis process is

TABLE 4. Results of textbook content analysis

mandatory in the Polish high school core curriculum, some of
the analyzed textbooks did not refer to it, and definitions or
descriptions of the process were absent.

The results of the content analysis are summarized in
Table 4. Every textbook we analyzed contained or supported at
least one misconception identified as widespread among the
university students. The results are consistent with findings
from previous studies (e.g., Cho et al., 1985; Dikmenli and
Cardak, 2004; Deshmukh and Deshmukh, 2011; Kose and
Hasenekoglu, 2011). The most common misconception, which
occurred in every textbook analyzed, was an indication that
osmosis is limited to liquids.

Because the majority of the respondents (60%) were famil-
iar with aquaporins, we also examined whether textbooks con-
tained a definition of the term. The concept did not occur in any
of the five high school textbooks analyzed. It was, however,
present in the five of the eight university textbooks. In univer-
sity textbooks, the information on the structure and function of
aquaporins was consistent. The textbooks clearly indicated that
aquaporins are proteins that function as “water channels” (five
textbooks) or “greatly facilitate the passage of water molecules
through the membrane in certain cells” (one textbook).

DISCUSSION

Processes such as osmosis, diffusion, and plasmolysis are basic
concepts in plant physiology. They are present in Poland’s mid-
dle and high school curricula, and pupils are supposed to be
familiar with them. Unfortunately, students find these topics
difficult to understand (e.g., Sanger et al., 2001). The results of
our studies indicate that university biology students’ knowledge
about the processes of diffusion, osmosis, and plasmolysis is
poor and freighted with many misconceptions.

We observed difficulties in integrating students proper (sci-
entific) knowledge into their general understanding. For exam-
ple, students who were able to indicate the difference between
plasmolysis and osmosis correctly identified structures where
plasmolysis occurred, as did students who failed to notice this
relationship. Similarly, the drawings of the students who were
aware of the relationship between osmosis and plasmolysis
included changes in the cell’s shape almost as often as students

Misconception High school University
Total number of analyzed textbooks 5 8
Number of textbooks containing the definition of osmosis 5 8

Number of textbooks containing the misconception related to osmosis

Not mentioning the presence of a semipermeable membrane 2
Indication that particles pass through the biological membrane 1
Limiting the osmotic process to water molecules only 3
Limiting osmotic process to liquids 5
Indication that osmosis is a case of diffusion 1

4

Indication of tonicity or concentration gradient as the driving
force for osmosis

Number of textbooks containing the definition of plasmolysis 2

Number of textbooks containing the misconception related to osmosis

No indication of the relationship with osmosis 1
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who were unaware of the association between the two
processes.

The concept that caused students the least difficulties was
aquaporins. The majority of students (60%) were familiar with
this concept before the plant physiology course. It may seem
surprising, since the concept is discussed only in university text-
books; however, during the first and second years of their stud-
ies, students participate in courses in which the topic of aqua-
porins is discussed.

We also observed a statistically significant decrease of sev-
eral misconceptions after the plant physiology course, espe-
cially in the ability to define osmosis and distinguish between
diffusion and osmosis. Significantly more students were aware
that osmosis occurs in the presence of a semipermeable mem-
brane and indicated correctly the type of particles taking part in
the process (water or solvent). The proportion of answers indi-
cating that the difference between osmosis and diffusion is
associated with the direction of flow in relation to the concen-
tration gradient significantly decreased, which suggests that
more students recognized the spontaneity of both processes. A
statistically significant increase was also observed in students’
ability to correctly illustrate cell behavior in solutions with dif-
ferent water potential. Students more frequently indicated the
correct direction of water flow and changes in cell shape. We
believe that this improvement was due to the possibility of
directly observing the cell behavior during plasmolysis under
the microscope and an improved ability to use the water poten-
tial concept in practice, since a significant increase in the pro-
portion of the correct answers concerning particle movement in
the context of water potential was also observed. Still, the fre-
quency of occurrence of most misconceptions remained
unchanged, which is, perhaps, not surprising, since they are
extremely difficult to correct during the traditional process of
education, a fact that is well documented in the literature
(Winer et al., 2002; Bahar, 2003; Chi, 2013).

It is worth noting, however, that plant physiology courses
include not only lectures but also laboratory practice, which
might be assumed to be more effective than a traditional lec-
ture. We suggest that students performing laboratory experi-
ments are often unaware of the scientific ideas behind them.
This observation is consistent with other research results pres-
ent in the literature, suggesting the low effectiveness of practi-
cal work in supporting conceptual understanding of research
findings (see Abrahams and Millar, 2008; Abrahams and
Reiss, 2012). In students’ minds, the link between theory and
practice, that is, between what they read and what they do in
the laboratory, seems to be poor at this point. Bearing this fact
in mind, it may be assumed that many students see textbooks
as the most reliable sources of knowledge concerning osmosis
and plasmolysis. The fact that many of the textbooks support
students’ misconceptions makes attempting conceptual change
even more difficult. Another serious obstacle to promoting
conceptual change may be a low involvement of the learner in
terms of being an active player in the process of knowledge
restructuring (Sinatra and Pintrich, 2003). Our observations
indicate that plants, in general, are not appreciated by stu-
dents, and we find a description of “plant blindness” in the
literature (Wandersee and Schussler, 1999).

Teachers need to be aware of findings such as ours and
employ appropriate strategies. Planning and teaching any
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subject is a complex cognitive activity that requires not only
content knowledge but also pedagogical, social, and other
skills. Teachers with differentiated and integrated pedagogic
understanding will have a greater ability to design and carry
out lessons that will help students develop deep understand-
ing of a concept (Magnusson et al., 1999). As Bednar and
coauthors (1992) state, when designing a teaching process it
is not so important to implement some particular theory of
learning. The authors promote the idea that developers
(teachers) need to be aware of their personal beliefs about
the nature of learning and select concepts and strategies con-
sistent with their beliefs. One of the major assumptions of
constructivism is that knowledge evolves through social nego-
tiation and through the evaluation of the viability of individ-
ual understanding (Savery and Duffy, 1995). Dewey’s “linking
science” (Bednar et al., 1992) has to be introduced into regu-
lar teaching practice at university level. We assume that what
is missing from the traditional laboratory is a collaborative
group that can discuss, reconstruct conceptions, and test their
own understanding of particular issues or phenomena during
the learning process.

What is alarming is the fact that some misconceptions,
such as the belief that osmosis and plasmolysis are unrelated
or the conviction that osmosis is a typically biological process,
dominate the scientific conceptions. The vast majority of our
students are also unable to distinguish between diffusion and
osmosis, which suggests that the source of such misconcep-
tions may be the way that students are introduced to these
phenomena. Indeed, definitions of osmosis in high schools
and university textbooks may promote or even strengthen
widespread miscomprehension. Among five osmosis defini-
tions presented in high school textbooks, two did not mention
the presence of the semipermeable membrane, thus enhanc-
ing the confusion between diffusion and osmosis. Another
textbook indicates that, during osmosis, molecules pass
through the “biological membrane,” which promotes the con-
viction that osmosis is typically a biological process. More-
over, three out of five textbook definitions indicated that
water is the only type of molecule involved in osmosis, and
only two of them defined molecules passing through the mem-
brane as solvent molecules, thus creating a misconception that
osmosis refers only to water, which is what 27% of students
thought before taking the university plant physiology course.
All analyzed textbook definitions limited osmosis to liquids,
which—according to Hershey’s classification of misconcep-
tions—is an undergeneralization (Hershey, 2004, 2005),
since osmosis also applies to gases (Kramer and Myers, 2012).
One of the university textbooks explained that osmosis is a
case of diffusion, which is an obsolete theory (Kramer and
Myers, 2012). In four of the five high school textbooks, osmo-
sis is described in the context of tonicity or concentration.
Only one showed osmosis in the context of water potential,
which may explain the lack of knowledge of the concept
before the plant physiology course.

In four of the five high school textbooks, osmosis was
defined in the context of tonicity or concentration gradient,
which is an oversimplification, since the gradient of hydrostatic
pressure plays an equally important role in regulating osmotic
flow as the solute concentration (Kramer and Myers, 2013).
Moreover, we analyzed eight university textbooks and found
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that all eight definitions defined osmosis as a phenomenon
limited to liquids, while six indicated water was the only com-
pound involved in the process. In addition, six textbooks
described osmosis as diffusion through a semipermeable mem-
brane, and one did not mention that the process occurs in the
presence of the semipermeable membrane. Another textbook
stated that the process occurs through the “biological mem-
brane.” Only one university textbook stated that osmosis is a
physical not a biological process. Five university textbooks pre-
sented osmosis in the context of the concentration gradient
and one in the context of tonicity. Only three of them referred
to water potential. Although 90% of respondents indicated
that they had become familiar with plasmolysis at an earlier
(preuniversity) stage of education, the topic was mentioned in
only two of the five school textbooks, and in only one case was
it reported as the result of the osmotic flow of water from the
cell. All the university textbooks contained a definition of plas-
molysis. However, most of them described plasmolysis as the
separation of cytoplasm from the cell wall as the result of
water loss. Only one of them clearly mentioned the fact that
plasmolysis occurs as an effect of osmotic flow. It can be
assumed that the lack of direct embedding of plasmolysis in
the context of osmosis makes it difficult for students to link the
two phenomena.

We conclude that the vast majority of osmosis definitions
found in both high school and university textbooks include
misconceptions that correspond with those widespread
among university students. They belong mainly to categories
of misconceptions described as “undergeneralization” and
“obsolete theory” (Hershey, 2004, 2005). To limit the confu-
sion related to osmosis, we recommend a more interdisciplin-
ary approach to the issue in biology textbooks. The fact that
osmosis is a physical not a biological process should be high-
lighted, and the definition of osmosis should be reformulated
following Kramer and Myers’s (2012) notion that “osmosis is
the flow of solvent across a semipermeable membrane from a
region of lower to higher solute concentration.” In the course
of discussing osmosis, the types and properties of solutions
should be recalled, with an emphasis on solvent definition
and its physical states, that is, not only liquid but also gas and
solid (Averill, 2012).

Misconceptions concerning plasmolysis result mainly from
students’ fragmentary knowledge and their difficulties in inte-
grating it into their own conceptual overview. Our conclusion is
that in both high school and university textbooks the cause-
and-effect relationship between osmosis and plasmolysis could
be emphasized more strongly.

Texts that are not free from mistakes, misconceptions, or
understatements might serve didactical purposes. According
to Posner et al. (1982), the major goal of teaching and learn-
ing in the process of conceptual change is to create cognitive
conflict to make learners feel dissatisfied with their existing
conceptions. The scientific conception has to be intelligible,
plausible, and fruitful in order to serve as a new one for the
learner and to lead to successful conceptual change. These
conditions are often difficult to meet, particularly when teach-
ing large classes.

We recommend introducing into regular seminars or even
lectures a method based on the constructivist theory of learning
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that is called “questioning the author” (QtA; Beck et al., 1996;
Beck and McKeown, 2006). QtA was designed to facilitate stu-
dent interactions with text and build greater understanding by
teaching students to question the ideas presented while they are
reading (Beck and McKeown, 2002, 2006). At first, the method
was used with younger students who, according to Beck and
McKeown (2001), are able to handle a challenging content. QtA
involves the teacher stopping at predetermined points in a text
or in a classroom discussion and asking open-ended questions.
It has been used at higher levels of education, for example, in
the project ETOS, which was designed to support science teach-
ing and learning in primary schools (years 4-6) and junior sec-
ondary schools (years 1-3; Basiriska et al., 2012). In the project,
QtA was mostly used as a technique for modeling classroom
discussions and analyzing scientific animations. It was also
introduced at high school and university levels (Rybska and
Basiriska, 2014). The opening questions that usually start the
discussion are “What is this all about?” and “What do you
think?” This method allows students to use their own language.
Teachers use the students’ words to reinforce the correct part of
their answers or to discuss with them what the concept could be
if this incorrect conception appeared in real life.

QtA seems to be an alternative to teacher-oriented class-
room conversations, facilitating collaborative learning and dis-
course. Osborne (2010) writes that collaborative learning pro-
vides opportunities for students to engage in discourse and
argumentation as a means of enhancing students’ conceptual
understanding, skills, and capabilities for scientific reasoning.
As one of the “ideal” hallmarks of the scientist is critical and
rational scepticism, the lack of opportunities to develop the
ability to reason and argue scientifically would appear to be a
significant weakness in contemporary educational practices.
In short, knowing what is wrong matters as much as knowing
what is right. There is a limitation in introducing the QtA
method, as it requires university teachers to become familiar
with it and to be willing to implement it into their regular
teaching activities. Applying the QtA method on a regular
basis might allow teachers to become familiar with students’
preexisting knowledge and offer students an opportunity to
ask and seek answers and—what is even more important—
give them the right to be wrong, because every conception is
discussed in depth.

CONCLUSION

Students’ misconceptions are extremely difficult to change
during the traditional course comprising lectures and practical
exercises. Our finding is consistent with previous research con-
cerning conceptual change (see Bahar, 2003). In our opinion, it
is important to apply specific didactical methods, for example,
QtA, when teaching about water relations in plant cells, because
it enables continuous monitoring of students’ current knowl-
edge so as to help them acquire a more scientific understanding
of particular concepts.
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