€Y Routledge

g Taylor &Francis Group

Journal of Biological Education

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/rjbe20

Applying a system thinking learning approach
to improve perception of homoeostasis - a
fundamental principle of biology

Moriya Mor & Michal Zion

To cite this article: Moriya Mor & Michal Zion (2021) Applying a system thinking learning approach
to improve perception of homoeostasis - a fundamental principle of biology, Journal of Biological
Education, 55:4, 341-367, DOI: 10.1080/00219266.2019.1687105

To link to this article: https://doi.org/10.1080/00219266.2019.1687105

ﬁ Published online: 07 Nov 2019.

N
[:J/ Submit your article to this journal &

||I| Article views: 196

A
h View related articles &'

@ View Crossmark data &'

CrossMark

@ Citing articles: 1 View citing articles &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=rjbe20


https://www.tandfonline.com/action/journalInformation?journalCode=rjbe20
https://www.tandfonline.com/loi/rjbe20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00219266.2019.1687105
https://doi.org/10.1080/00219266.2019.1687105
https://www.tandfonline.com/action/authorSubmission?journalCode=rjbe20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=rjbe20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00219266.2019.1687105
https://www.tandfonline.com/doi/mlt/10.1080/00219266.2019.1687105
http://crossmark.crossref.org/dialog/?doi=10.1080/00219266.2019.1687105&domain=pdf&date_stamp=2019-11-07
http://crossmark.crossref.org/dialog/?doi=10.1080/00219266.2019.1687105&domain=pdf&date_stamp=2019-11-07
https://www.tandfonline.com/doi/citedby/10.1080/00219266.2019.1687105#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/00219266.2019.1687105#tabModule

JOURNAL OF BIOLOGICAL EDUCATION
2021, VOL. 55, NO. 4, 341-367
https://doi.org/10.1080/00219266.2019.1687105

Routledge

Taylor & Francis Group

W) Check for updates

Applying a system thinking learning approach to improve
perception of homoeostasis - a fundamental principle of biology

390311n0Y

Moriya Mor and Michal Zion

School of Education, Bar-llan University, Ramat-Gan, Israel

ABSTRACT KEYWORDS

This research project sought to determine how the application of a system Homeostasis; system
thinking learning approach (STLA) affects student perceptions of the thinking; fundamental
fundamental biological principle of homoeostasis. This quasi-experimen- principle

tal study applied a two-group design and included 146 10" grade stu-

dents attending heterogeneous public schools (ages 15-16). The

quantitative results testify to the contribution of an STLA towards improv-

ing the perception of homoeostasis among the studied group. Qualitative

analysis revealed that the characteristics of homoeostasis primarily pro-

moted by an STLA were efficiency, dynamics of a homoeostatic process, and

environments. The characteristics of coordination and lack of randomness,

control regulation and feedback mechanisms, and multisystems, have been

partially promoted, and the energy characteristic was found to be the

hardest nut to crack. An STLA has the potential to help teachers meet their

challenge to facilitate student understanding of the fundamental principle

of homoeostasis.

Introduction
Homoeostasis

Homoeostasis is a fundamental biological principle defined as the ability of every living organism
to maintain a stable internal environment within defined boundaries; an internal environment
different from its surrounding external environment. This is done through biochemical, physio-
logical, and behavioural mechanisms. This fundamental principle is also a part of the Disciplinary
Core Ideas (DCI) - Life Sciences (LS) (DCI - LS2): Ecosystems: Interactions, Energy and
Dynamics, according to the reform efforts advocated in the National Science Education
Standards (NSES) based on the National Research Council (NRC) framework for K-12 science
education (NRC, 2012). In Israel, within the 10™ grade biology curriculum promulgated by the
Israeli Ministry of Education (2006), homoeostasis is a mandatory fundamental principle in
general, and in relation to the human body in particular. Authors (2015, 2015) suggested
identifying the fundamental biological principle of homoeostasis by the following characteristics:
coordination and lack of randomness (including dependency between events within a system or
process); control regulation and feedback mechanism; dynamics of a homoeostatic process; multi-
systems; and environments. We added the characteristics efficiency and energy (see component B
in Table 1).

CONTACT Michal Zion @ michal.zion@biu.ac.il

Article description: Homoeostasis, which is a central organising principle in biology, is difficult to comprehend. This quantitative
and qualitative research found that system-thinking instruction (STI) affects the perception of the fundamental biological
principle of homoeostasis among students.
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Challenges in teaching homoeostasis

Teachers find that the fundamental biological principle of homoeostasis is a complex effort to handle —
for those who teach as well for those trying to learn (Simpson and Marek 1988; Westbrook and Marek
1992). There are two principal causes of this difficulty. First, the fundamental principle of homoeostasis
requires overcoming significant challenges in order to comprehend the methods of operation of
complex systems (Raved and Yarden 2014). Second, comprehending the way complex systems operate
requires the internalisation of homoeostatic characteristics such as control regulation and feedback
mechanism and dynamics of a homoeostatic process. In light of the difficulties in comprehending the
fundamental principle of homoeostasis, Authors (2015) recommended teaching biological content by
explicit instruction of the characteristics of the homoeostasis principle. In this research, we propose to
improve the understanding of the fundamental principle of homoeostasis by an STLA.

Homoeostasis and system thinking

Biological systems are complex and open systems involving input and output of matter, energy, and
information. They operate on several organisation levels, including organism, organ or system, cell,
and molecule. They are dynamic, with structures and activities that may appear, disappear, and
change, and their components operate in complex interactions (Boersma and Waarlo 2003; Hmelo-
Silver and Azevedo 2006).

Researchers have described system thinking as the ability to understand and interpret complex
systems (Evagorou et al. 2009). Ben-Zvi Assaraf, Dodick, and Tripto (2013) have analysed system
thinking among 10™ grade students in Israel. These were students who studied the part of the
syllabus dealing with ‘Human biology emphasizing homeostasis’, without any intervention. Their
research found that beyond identifying structural components, the students surveyed were experi-
encing system thinking difficulties. Most students examined showed a preference for structures
rather than processes. They also preferred macro level elements rather than micro level elements.
Students exhibited difficulty in comprehending interactions between system components and a
compromised ability to identify dynamic interdependencies in the human body. They struggled to
describe and understand the mechanisms and processes governing the interactions between the
body’s components. They also struggled to comprehend the system as a dynamic entity, probably
because the processes are more difficult to understand. Although understanding the structures is
necessary for understanding their activity, knowledge of the structures does not guarantee under-
standing the processes (Liu and Hmelo-Silver 2009). Further difficulties were found in compre-
hending hidden dimensions - such as the gas exchange in the lungs - and in temporal thinking that
involves prediction and retrospection.

Ben-Zvi Assaraf, Dodick, and Tripto (2013) have suggested the system thinking hierarchical
model that divides the development of system thinking into three hierarchal evolutionary levels.
They argue that this hierarchy also reflects an understanding of the biology of the human body. The
first level — structures in a system - includes ‘the ability to identify components and processes
within a system’. The second level - synthesis — includes ‘the ability to identify interactions between
and within system components’, ‘the ability to identify dynamic interactions in the system’, ‘the
ability to organize system components, processes and their interactions’, and ‘the ability to identify
cycles of matter and energy in a system - the cyclical nature of systems’. The third level -
application - includes ‘understanding the hidden dimensions of the system, understanding natural
phenomena by models and hidden interconnections’, ‘the ability to make generalizations and solve
problems by understanding the system’s mechanisms’, and ‘the ability to think temporally: retro-
spection and prediction’ - understanding that some of the processes in the system occurred in the
past and that processes that may occur in the future are the result of present interactions.

This hierarchy represents the increase, for students, in the difficulty experienced in applying each
skill, with each skill serving as the foundation for the development of the next skill. Ben-Zvi Assaraf,
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Dodick, and Tripto (2013) have argued that learning about the components of a biological system
separately does not guarantee the development of system thinking. Ben-Zvi Assaraf, Dodick, and
Tripto (2013) suggested that the fundamental principle of homoeostasis should be taught together
with the principles of system thinking

System thinking, which is a high-order thinking skill, was found to be a necessary component of
a student’s ability to make the connection between human body mechanisms and the abstract
fundamental biological principle of homoeostasis (Boersma and Waarlo 2003; Boersma, Waarlo,
and Klaassen 2011; Jacobson and Wilensky 2006; Simpson and Marek 1988; Westbrook and Marek
1992). For example, the student may recognise that symptoms such as sweating, flushing, and an
increase in heartrate or breathing rate are ‘results’ of homoeostasis. However, the processes and
mechanisms that operate to maintain body temperature within a stable range are complex and not
part of the student’s concrete and immediate comprehension (Buddingh 1996). Students fail to see
the phenomenon as a whole or to understand the mechanisms of its activity; they can see only the
collection of details adding up to it. Understanding the whole, with the mechanisms of its operation,
is a skill that requires system thinking (Feltovich, Coulson, and Spiro 2001; Hmelo-Silver, Marathe,
and Liu 2004; Hmelo-Silver and Green Pfeffer 2004; Narayanan and Hegarty 1998).

Research rationale

The rationale of our research is based on the hypothesis that system thinking has the potential to
help students understand concepts related to the function of systems in the human body - systems
where interdependence and ceaseless change are characteristic (Ben-Zvi Assaraf and Orion 2005a,
2005b; Kali, Orion., and Eylon 2003; Senge 1995). While understanding that explicit teaching of the
characteristics of homoeostasis is essential and that system thinking processes may help students
accurately comprehend the principle of homoeostasis and its characteristics, these understandings
have prompted the questions that underlie our research: 1. How does an STLA affect students’
perceptions of the fundamental biological principle of homoeostasis and how are the various
aspects of this perception interrelated? 2. What is particular to their perception of homoeostasis
after they completed their study of this fundamental principle through an STLA?

In our research, an STLA was integrated into the teaching of the ‘Human biology, emphasizing
homeostasis’ subject. This learning approach included developing high-order cognitive skills such
as identifying components in biological systems and distinguishing between them, as well as explicit
study of the characteristics, enabling significant learning of the fundamental principle of homo-
eostasis. Figure 1 shows the research model.

Methods
Research population

This quasi-experimental study included 146 students of middle-class socioeconomic background
who attended nine heterogeneous 10" grade classes (ages 15-16) in seven public schools in Israel.
Because the research is based on a single independent variable-STLA-we were able to randomly
divide the participants into two research groups. One group was a system thinking learning approach
group (STLAG) (n = 74) that received system thinking intervention; the other was a control group
(CG) (n = 72) that did not receive such intervention. Nine experienced teachers agreed to participate
and involve their biology classes in the research. The STLAG contained five classes with five teachers
in four schools, while the CG contained four classes with four teachers in three schools.

Comparative examination of pre-intervention knowledge
In order to assess the initial differences between the two research groups, students passed an
examination similar to the Programme for International Student Assessment (PISA) science test —
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Figure 1. Research Model.

an examination found useful for assessing high school students majoring in biology (Sadeh and Zion,
2009). The test involved analysis of an adapted primary literature article that discussed the impor-
tance of breakfast for maintaining health. The test measured knowledge, comprehension and high-
order thinking skills of students, took into consideration our expectations of the research population
at the beginning of the intervention. The students were graded 0 to 100 on an evaluation scale that
was constructed for the test. No statistically significant group difference was detected in these initial
results: (STLAG: M = 81.47, SD = 10.24; CG: M = 82.17, SD = 12.58, t(144) = 0.38, p = .706, d = 0.06),
which showed that students in both groups had similar capability levels at pre-test.
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The intervention

The intervention lasted six months and was integrated into the teaching of ‘Human biology,
emphasizing homeostasis’, a subject that all participants studied according to a uniform teaching
sequence in all of the classes involved in the experiment. The human circulatory system was the first
system taught, with all student participants carrying out independent homoeostasis-emphasised
learning tasks (HELT). The learning tasks were put together based on two of the online lessons —
‘The beating heart’ and ‘Cardiac output’ (Keinan, Mintz., and Zand 2001). In these tasks the
students were exposed to homoeostatic mechanisms that operate during physiological changes in
the circulatory system, in a manner emphasising the various characteristics of homoeostatic activity,
and its biological advantage. These tasks promote active student learning through animation,
relevant knowledge highlights, invitation to inquiry, conclusion drawing, and reflective summary
questions. The following question — number G5 from HELT - is an example of this type of question:
The first pacemakers, used during the 1960s and 1970s, produced pulses at a constant rate. What was
the drawback? Explain using the term ‘homeostasis’ and the characteristics of homoeostasis.

The STLAG carried out the same learning tasks as the CG, but their tasks also involved
deliberate system thinking aspects. The first STLA learning activity, titled ‘Another view of
homeostasis’, was carried out upon introducing the subject of homoeostasis. It emphasised the
characteristics of homoeostasis expressed in the physiological processes that occur in the bodies
of different animals, such as a shrew, an elephant, a snake, and a human, that is, at the entire-
organism level of organisation. Further STLA activity was carried out as adjuncts of “The beating
heart’ and ‘Cardiac output’, the two aforementioned online learning tasks. The STLA was based
on system thinking skills defined by researchers Simpson and Marek (1988) and Westbrook and
Marek (1992). It was conceived as a scaffold to stimulate a learner towards thinking about
homoeostatic processes and mechanisms, not just about the concrete results of a specific activity.
This learning approach included questions that promoted system thinking skills. For example,
there was an item that related to the skill of ‘identifying and distinguishing stages or components
in the process’. The item was encompassed by these two sentences: ‘The mechanism regulating
cardiac output comprises a chain of processes. List these processes by the order in which they occur’.
Another item related to the skill of ‘understanding the mutual influence between processes
occurring in the body and their influence on the body as a whole’. It was presented in the
following manner: Give an example of a biological change occurring in the entire organism and
resulting from a change in one of the processes you mentioned above’. Table 2 deals with questions
that direct students to system thinking and the system thinking skills to which the questions
relate.

Research tools

In order to obtain reliable results, we constructed three research tools to collect data for examining
the perception homoeostasis — a fundamental principle of biology, among students:

(i) A Homoeostasis Perception Questionnaire (HPQ)
(ii) A performance analysis of the — ‘Cardiac output’ homoeostasis-emphasised learning task
(HELT)
(iii) Personal interviews

The tools are detailed below:

i. The HPQ (Appendix 1-3) Comprised of five questions — two multiple choice and three
short answer questions that referred to a variety of examples of homoeostasis at the entire
organism level - the HPQ was performed before and after learning. The questions were examined
by five teachers holding MSc or PhD degrees in biology or science education; those teachers also
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serve as matriculation evaluators for the Ministry of Education. Inter rater agreement was
examined with Kendall's W and was found good: W = 0.83 (p < .001) for the pre-test, and
W = 0.85 (p < .001) for the post test.

ii. ‘Cardiac output’ HELT performances. Five experienced biology teachers examined the
validity of the HELT performances. They reached unanimous agreement on the factors involved.
Seven other biology teachers, whose experience is focused on the subject of homoeostasis, then
examined the issue of reliability of the judges. Inter-rater agreement was examined with Kendall’s
W and was found good: W = 0.89 (p < .001). With the assistance of these seven teachers, a detailed
indicator was set up to quantify, for the students, their levels of comprehension and application,
based on their answers to the questions.

iii. Personal interviews. A total of 28 interviews were conducted with 13 STLAG students and 15
CG students. All were oral semi-structured interviews. Student answers were content-analysed with
reference to characteristics of the fundamental biological principle of homoeostasis.

Research analysis

The descriptions of the research analysis tools are arranged to match the research questions. We begin
by describing the quantitative analysis, referring to the first question, which dealt with the influence of
an STLA on student perceptions of homoeostasis. We then describe the qualitative analysis, referring
to the second question, which dealt with particular characteristics in the perception of homoeostasis
among those students who had studied this fundamental principle using an STLA.

All five questions of the HPQ questionnaire were quantitatively analysed in light of the first
research question, while the three open questions were also qualitatively analysed in light of the
second research question. All three of the HELT questions concerning the perception of homo-
eostasis were quantitatively analysed in light of the first research question, as well as being
qualitatively analysed in light of the second research question.

Quantitative data analysis

i. HPQ analysis: The quantitative analysis of homoeostasis perception by the HPQ referred to three
components (see Table 1): a. Understanding the definition of homoeostasis. The grade for this
component was defined as the mean of two dichotomic coded (1 = true, 0 = false) items. The two
items were positively related but not significantly so. b. Overall understanding the characteristics of
homoeostasis. The grade for this component was defined as the mean of three items (0-1). Internal
consistencies were: pre-test a = .54, post-test a = .66. ¢. Application of homoeostasis (explaining
homoeostatic events in relevant homoeostatic terminology). The grade for this component was
defined as the mean of three 1- to 5-graded items, where 5 was a complete and correct answer that
explained the physiological process, using the relevant homoeostatic terms; 4 was a correct but
incomplete answer with some reference to homoeostasis; 3 was a general understanding of the
homoeostasis principle, but the biological concepts mentioned were wrong; 2 was a biologically
superficial answer with no reference to homoeostasis; and 1 was an incorrect or irrelevant answer,
or no answer at all. Internal consistencies were: pre-test a = .55, post-test a = .59. Additionally, a
total score combining the understanding of the definition of homoeostasis, overall understanding of
the characteristics of Homoeostasis, and application of homoeostasis, was calculated as a mean of
the three aspects. A conversion of the grade for ‘application’ was executed and the overall score was
in the range of 0-1. Low internal consistencies were noted, but these are to be expected with items of
knowledge, where participants know the answers to only some, but not all, questions.

Pre-study group differences in the perception of homoeostasis were analysed with a series of t-
tests. Group and time differences in the perception of homoeostasis (questionnaire) and HPQ
scores were analysed with repeated measures analyses of variance and pairwise comparisons for
significant interactions.
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ii. HELT analysis: The quantitative analysis of performance levels was based on the three short-
answer thinking questions regarding biological knowledge, which the students were asked to answer
while carrying out HELT. A biology-related question, for example, was: During illness, heartrate also
increases. What is the importance of increasing heartrate during stress, physical exertion, and illness?
What is the importance of returning to a relatively moderate rate during relaxation? Quantitative
analysis of homoeostasis perception by the ‘Cardiac output’ HELT referred to three components (see
Table 1): a. Understanding the definition of homoeostasis reflects proficiency in the subject. Graded
1-5. The two items correlated significantly r = .40 (p < .001). b. Overall understanding of the
characteristics of homoeostasis expressed in students’ answers. Internal consistency a = .35. The
low internal consistency should be noted. However, as before, it may be expected, as participants knew
the answers to only some, but not all, questions. c. Application of homoeostasis (explaining homo-
eostatic events in relevant homoeostatic terminology) in the ‘Cardiac output’ HELT on a 1-5 scale,
scored as follows: 5: A complete and correct answer that explains the physiological process using the
relevant homoeostatic terms, 4: A correct but incomplete answer with some reference to homoeos-
tasis, 3: A general understanding of the homoeostasis principle but mentioning incorrect biological
concepts, 2: A biologically superficial answer without reference to homoeostasis, 1: An incorrect or
irrelevant answer, or no answer. The two items correlated significantly r = .54 (p < .001).

Additionally, a total score was calculated by combining the understanding of the definition of
homoeostasis, an overall understanding of the characteristics of homoeostasis, and the application
of homoeostasis. Internal consistency a = .79. The grade for each aspect examined in the HELT is
the average grade of the three items for each of these aspects, on a 1-5 scale. The higher the score -
the better the comprehension. Differences in HELT data were analysed with a series of t-tests and
Cohen’s d. Data were analysed with SPSS ver. 25. Internal consistencies were examined with
Cronbach a. Pre-study group differences were analysed with a series of t-tests, for both HPQ and
HELT. Due to different cell sizes, this was used rather than a multivariate analysis of variance.
Group by time differences in HPQ were analysed with repeated measures univariate analyses of
variance. Changes in HELT were analysed with a series of t-tests (again due to different cell sizes).
Cohen’s d scores were calculated (Cohen 1988). Pearson correlations were calculated between the
various dimensions of knowledge.

Qualitative analysis

The three research tools, HPQ, HELT and the interviews, were content-analysed in relation to
homoeostasis perception and to comprehension of homoeostasis characteristics: coordination and
lack of randomness, control regulation and feedback mechanism, dynamics of a homoeostatic process,
multisystems, environments, efficiency and energy. This analysis was based on sensitising concepts
and homoeostasis characteristics and included mapping student answers and categorisation of the
responses collected by the three research tools. It involved conceptualising and combining pieces of
information according to the relevant characteristics found in the content, taking special notice of
concepts and keywords that were found or missing in the answers (Shkedi 2003, 2011).

The analysis referred to the prevalence of the perception characteristic represented in the
category. For example, for the ‘homeostasis mechanisms always operate in the living organism’
category (an aspect of dynamics of a homoeostatic process), the analysis sought to determine whether
students refer to this always, often, seldom, or not at all? Another type of analysis was the degree of
prominence of the perception characteristic represented in the category. When students mention
that homoeostasis mechanisms are always at work, the analysis sought to determine: whether they
mention this in a significant, marginal, or meaningless manner? (Shkedi 2003, 2011).

Results

The descriptions of the results are arranged to match the research questions.
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Influence of the STLA on student perceptions of homoeostasis

The first research question sought to determine how an STLA affects the perception of the
fundamental biological principle of homoeostasis among students. In order to answer this research
question, the perception of the fundamental principle of homoeostasis was examined in quantita-
tive measures. The quantitative measure consisted of three aspects — understanding the definition of
homoeostasis, overall understanding of the characteristics of homoeostasis, and application of
homoeostasis — explaining homoeostatic events in relevant homoeostatic terminology.

First, pre-study group differences in HPQ were analysed to assess whether initial differences
were significant and thus needed to be controlled when examining change. Due to different cell
sizes, these were analysed with a series of t-tests, rather than with a multivariate analysis of variance.
To assess differences in change, group by time differences were analysed with repeated measures
univariate analyses of variance.

Pre-study group differences in HPQ were non-significant for the total score (#(146) = 1.01,
p=.313,d=0.17), as well as for the three subscales (‘Understanding the definition of homeostasis” t
(144) = 0.96, p = .340, d = 0.16; ‘Understanding the characteristics of homeostasis’ #(129) = —0.32,
p =.752,d=0.06); and ‘Application of homeostasis’ #(143) = 1.09, p = .276, d = 0.18). Thus, repeated
measuers analyses of variance were used to assess group by time differences in the perception of
homoeostasis, as reflected in the HPQ scores (Table 3). Significant group by time differences were
found for all dimensions. Post hoc analyses of the significant interactions, with pairwise compar-
isons, revealed significant increases in all dimensions, in both the STLAG and CG, yet the
magnitude of the change is significantly greater in the STLAG group.

Next, due to different cell sizes (Table 4), differences in HELT were analysed with a series of t-
tests, rather than with a multivariate analysis of variance. Significant group differences were found
for ‘Understanding the definition of homeostasis’ and for ‘Application of homeostasis’. In both
cases, scores in the STLAG are higher than in the CG.

Finally, Pearson correlations were examined in order to assess the mutual, bidirectional relation-
ships among the study variables. They were calculated between the three categories: ‘Understanding
the definition of homeostasis’, ‘Understanding the characteristics of homeostasis’, and ‘Application
of homeostasis’, regarding the HPQ data at post-test, and regarding the HELT data. In the HPQ
data, a significant, positive, and high correlation was found in both groups between ‘Understanding
the characteristics of homeostasis’ and the ‘Application of homeostasis’ (STLAG: r = .66, p < .001;
CG: r =.77, p <.001). Other correlations, involving ‘Understanding the definition of homeostasis’,
were non-significant. The pattern of correlations in the HELT data is somewhat different. In
STLAG, a significant, positive, and high correlation was found between ‘Understanding the defini-
tion of homeostasis’ and ‘Application of homeostasis’ (r = .77, p < .001), a significant and positive
correlation between ‘Understanding the definition of homeostasis’ and ‘Understanding the char-
acteristics of homeostasis’ (r = .31, p = .015), and a non-significant correlation between
‘Understanding the characteristics of homeostasis’ and ‘Application of homeostasis’ (r = .21,
p = .081). In the CG group, all three correlations were positive and significant (‘Understanding
the definition of homeostasis’ and ‘Understanding the characteristics of homeostasis’ r = .70,
p < .001; ‘Understanding the definition of homeostasis’ and ‘Application of homeostasis’ r = .82,
p <.001; and ‘Understanding the characteristics of homeostasis’ and ‘Application of homeostasis’
r = .36, p = .003).

Are particular characteristics in the perception of homoeostasis different among
students who studied this fundamental principle through an STLA compared to
students of a control group?

Tables 5-11 present qualitative findings according to the students’ own thinking during the learning
process. A profile of homoeostasis perceptions was drawn by qualitative content analysis of the
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Table 4. Perception of homoeostasis by group, task data (HELT) (N = 146).

STIG CG
M M
(SD) (SD) t
(n=74) (n=72) d
Total score of homoeostasis 3.02 2.87 t(144) = 0.86
(1.03) (1.10) d=0.14
Understanding the definition of homoeostasis 3.84 343 t(109.06)" = 2.09%
(0.90) (1.21) d=0.38
Understanding the characteristics of homoeostasis 3.29 3.46 t(144) = -1.28
(0.74) (0.81) d=0.22
Application of homoeostasis 2.96 2.49 t(144) = 2.22*
(1.26) (1.30) d=037

1~ p for An equal variances

responses of students from both research groups. It focused on responses regarding the character-
istics of the fundamental principle of homoeostasis — coordination and lack of randomness, control
regulation and feedback mechanism, dynamics of a homoeostatic process, multisystems, environ-
ments, efficiency and energy.

Qualitative analysis of the HPQ, HELT and the interviews, revealed that the homoeostasis
characteristics that were better understood by 10™ grade students were dynamics of a homoeostatic
process, environments, and efficiency. The characteristics of coordination and lack of randomness, as
well as multisystems, were moderately understood, while the characteristics of control regulation
and feedback mechanism as well as energy were unclear or unfamiliar to students. There was an
improvement in understanding feedback mechanisms described in a schematic diagram, but there
were difficulties in identifying control, regulation and feedback mechanisms in familiar everyday
phenomena. Misunderstanding of the energy characteristic and its relation to homoeostasis
mechanisms was prominent.

We found erroneous perceptions of homoeostasis characteristics. In the dynamics of a homoeo-
static process characteristic, for example, we noted a misunderstanding that oscillation, deviation,
and adjustment were a steady state. We also found that the concepts of equilibrium, balance, and
variable, which are part of the terminology used in the classroom when discussing the human body,
were unclear to students. In the multisystem characteristic of homoeostasis, we also found a
misunderstanding that homoeostasis mechanisms were permanently operating in the living organ-
ism, and that homoeostasis was operating in the body in extraordinary and extreme situations only.
In the environments characteristic of homoeostasis, we discovered the erroneous notion that the
internal environment was kept steady. There were some misunderstandings about the environments
characteristic and about the control regulation and feedback mechanism characteristic. We also
discovered a misunderstanding of the importance of homoeostasis mechanisms and a perception
that maintaining the stability of the internal environment just happens’, as if it was accomplished
‘automatically’. There was also a misunderstanding of the connection between adaptation of the
body to the environment and the operation of homoeostasis mechanisms. Another interesting
finding of the interviews was that students struggled to demonstrate how a homoeostasis char-
acteristic — any characteristic of their choice — was expressed during a particular physiological
activity.

Discussion

The first research hypothesis was that an STLA improves student perceptions of the fundamental
principle of homoeostasis. The findings confirmed our hypothesis almost completely. The improve-
ment in the perception of homoeostasis, as revealed using our three research tools, testifies to the
contribution of an STLA towards improving the perception of homoeostasis among 10" grade
students in all three aspects after learning.
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Table 6. Mapping the qualitative findings regarding the coordination and lack of randomness characteristic of homoeostasis,
during and after learning.

System Thinking Instruction Group Control Group
Stage of
learning Insights Quotes Insights Quotes
During  Little reference. White blood cells arrive faster to help No reference.
Most students apparently experience with the illness; during stress the
difficulty. blood carries hormones faster to the
Among some, there is an body and during [physical] activity
understanding of the coordination the blood supplies oxygen faster .
of the activity of various systems in  Changes in heartrate and breathing
the body and the importance of this  rate are caused by homoeostasis, in
coordination. order to stabilise oxygen level in the
Understanding that processes do not body. During illness, stress, and
occur by coincidence. physical exertion there is an increase
in blood flow to the required
location, which also means more
white blood cells reach the diseased
location.
After Explicit statement of coordination is Coordination ... that every process in  No explicit or implicit
still rare the body adapts itself to every other  reference to
More frequent indications of process in the body ... what coordination and to
understanding the coordination of happens is that respiration is lack of randomness.
the activities of different systems in increased and more oxygen reaches
the body. Limited ability to supply the blood cells. The blood cells
concrete examples. absorb more oxygen and the rate of

blood flow is increased. The oxygen
actually reaches the cells in the body
and there is greater and more
efficient production of energy in the
cells.

The correlations pointed out that there is a connection between all three aspects of homoeostasis:
‘understanding homeostasis’, ‘understanding the characteristics of homeostasis’ and ‘application of
homeostasis’. That is, improvement in one of the aspects of homoeostasis perception using an STLA
was accompanied by improvement in the other two aspects as well.

In two of the aspects, ‘understanding homeostasis’ and ‘application of homeostasis’, improve-
ment was already observable during learning. Contrary to our expectations, no during-learning
advantages resulting from an STLA were found in the ‘understanding the characteristics of home-
ostasis’ aspect. The difference between ‘understanding the characteristics of homeostasis’ after
learning, and its condition during learning, may provide insight into the special difficulty of 10
grade students who struggle to understand the characteristics of homoeostasis. These difficulties
indicate that formulating an overview of the subject requires a long process of learning and
internalisation on the student’s part.

The second research hypothesis was that an STLA improves students’ perceptions of homo-
eostasis by particular characteristics. The characteristics of homoeostasis primarily promoted by an
STLA were efficiency, dynamics of a homoeostatic process, and environments. The characteristics of
coordination and lack of randomness, control regulation and feedback mechanism, and multisystems,
have been partially promoted, and the energy characteristic was found to be the ‘hardest nut to
crack’. A detailed account follows:

Efficiency

An STLA has promoted a thorough and complex understanding of the efficiency characteristic. This
is in contrast to CG students, who perceived the body as an ‘automaton’ that just ‘runs itself, a
‘black box’, without reference to the mechanisms of homoeostasis.
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Table 9. Mapping the qualitative findings regarding the energy characteristic of homoeostasis, during and after learning.

Stage of System Thinking Instruction Group Control Group
learning Insights Quotes Insights Quotes
During  Only some of the students understood that In order to maintain a stable internal No reference
generating energy is necessary for the environment in changing environmental
operation of homoeostasis mechanisms. conditions, which is homoeostasis, a special
Most students did not mention this fact and investment of energy is required.
are apparently unaware of it.
After Correct perception of the importance of As a result of damage to energy, white blood No reference
energy for homoeostasis processes cells will not be produced and therefore
Erroneous perception as if there is no homoeostasis mechanisms will not
connection between the operation of operate.
homoeostasis mechanisms and the When invaders enter the body, white blood

processes of energy production, and as if  cells, thanks to homoeostasis, know

a physiological process such as the body’s  where to locate the infection; they rush to
defence from invasion ‘disrupts’ energy provide assistance and neglect important
production. processes such as generating energy.

Dynamics of a homoeostatic process

After learning, an STLA contributed to understanding of the dynamics of a homoeostatic process
characteristic, to the ability to distinguish between constancy and oscillation, and to understanding
that oscillations in living systems are bidirectional, ceaseless, and periodic. Many 10™ grade
students focus on the visible, physical level of organisation and do not ‘see’ the level of intracellular
and molecular organisation, even after learning.

The definition of homoeostasis as an inclination towards a balanced state on the one hand and a
perpetual process on the other hand, is a duality known to be a source of student misconceptions
(Buddingh 1996). This study noted the terminology confusion between ‘stability’ and the ‘constancy
of variables’. This was also found in Authors (2015) study of 12" grade students majoring in
biology. Authors (2015) explained this as the source for perceiving homoeostasis as a situation,
rather than a process. The STLA in our research emphasised the relationship between mechanisms
and processes and the relationship between various processes. An STLA was advantageous to
fostering an understanding of the dynamics of a homoeostatic process characteristic of homoeostasis
and its various aspects, and to internalising the notion that a state of ceaseless changes is the
‘normal’ state.

Environments

We may say that an STLA contributes more to the understanding that homoeostasis mechan-
isms adapt the body to the environment, and less to understanding the autonomy of the
internal environment. Nevertheless, STLAG students have advanced in knowledge and under-
standing of the environments characteristic. At the same time, however these same students
indicate difficulty in perceiving how interactions between environments operate and maintain
the stability of the internal environment; this is a key insight that requires high-order thinking
skills.

Coordination and lack of randomness

An STLA has been found to be effective in the long-term development of understanding inter-
dependencies: the connection as well as coordination between systems. This is in contrast to CG
students, who did not refer to this characteristic at all.
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Control regulation and feedback mechanism

An STLA seems to contribute to student understanding when control regulation and feedback mechan-
isms and their significance are presented through the use of illustrations or graphs, or even by simple
statements. However, if students encounter a homoeostatic event in a less expected, more coincidental
context, they still struggle to provide an explanation on their own initiative. The contributions that an
STLA has made to understanding that this activity is bidirectional can be seen in the study results. The
partial contributions of an STLA to the understanding of control regulation and feedback mechanisms as
a means of adjusting deviations and maintaining the balance of variables, is also evident. Understanding
the variables is important for appreciating the significance of balancing processes, that is, for compre-
hending the significance of homoeostasis processes. Most 10™ grade students with limited knowledge of
chemistry find it difficult to perceive the levels of intracellular and molecular organisation; they still lack
sufficient training in formal thinking skills. It seems that certain system thinking skills promote under-
standing of the relationship between homoeostasis and feedback processes. Such skills include ‘distin-
guishing stages or components of a process’, ‘interdependency of processes at different organization
levels’, or ‘interdependency of processes, and their effect on the entire organism’. We emphasised these
thinking skills in the STLA that was carried out in our research.

Multisystems

Understanding the multisystem characteristic is a complex challenge for 10" grade students (Barak
and Gorodetzky 1998; Hmelo-Silver and Azevedo 2006; Snapir et al. 2017). It seems that an STLA is
of little contribution to understanding that processes take place simultaneously at all levels of
organisation in the body, through cooperation between systems. However, discussing these pro-
cesses can make a significant contribution, especially after learning, to comprehension that homo-
eostasis mechanisms are permanently active in the living organism. The most common examples of
homoeostasis discussed in the classroom are usually related to extreme conditions, such as water
deficiency or heat stress. Classroom discussion lacks explicit reference to the fact that homoeostasis
ceaselessly occurs in the body at every moment of our lives.

The ability to link the concrete, tangible aspects of homoeostasis, such as sweating, blushing, and
heart and respiration rates, with the scientific, abstract, and complex aspects, such as the processes
and mechanisms that keep body temperature within a stable range, is not readily available to the
student (Buddingh 1996). This ability requires formal thinking — which is necessary for system
thinking (Simpson and Marek 1988; Westbrook and Marek 1992). According to Babai and Levit-
Dori (2009) and Babai and Mor-Yosef (2014), only 40% of 11™ and 12 grade science-majoring
students have developed formal thinking.

Authors (2015, 2015) argued that the understanding of homoeostasis also relies on pre-existing
notions, specifically those based upon bodily sensations and macro level perceptions of the body,
with no reference to micro-level factors such as small-scale structures and local processes. One
example they supply is the multisystem characteristic of homoeostasis that pertains to the connec-
tion between the systems that govern metabolism rate and the systems that regulate body tempera-
ture. Many students wrote about an internal (general, obscure) mechanism operating in the body
and maintaining temperature without any reference to the body’s metabolism rate.

During our intervention, in the first half of the 10™ grade school year, students were exposed to a
limited variety of systems in the human body. It is possible that upon completing their study of the
entire subject, once they have become familiar with a much wider variety of examples for homo-
eostasis, this characteristic would be better understood. We recommend introducing a greater
number and variety of examples for everyday homoeostatic activity in various body systems — not
just extreme cases, in order to clarify this aspect. This, combined with STLA-aimed learning tasks
like HELT, while emphasising cooperation between different body systems, may contribute to
understanding this aspect and to developing a holistic view.
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Energy

The concept of ‘energy’ is too abstract for 10™ grade students, which explains their difficulty trying
to understand the energy characteristic of homoeostasis. According to Authors (2015), even 12
grade students who major in biology exhibited difficulties comprehending the importance of energy
for life processes. The findings of our study suggest that it is unusual to expect 10" grade students to
understand the energy characteristic thoroughly, certainly at the earlier stages of studying ‘Human
biology, emphasizing homeostasis’.

Recommendations

We believe that an STLA can improve the understanding of homoeostasis and its characteristics
among students. There are many system thinking skills that can contribute to the students’
perception of the homoeostasis characteristic of coordination and lack of randomness. These skills
include ‘distinguishing between different organization levels on which biological processes occur’,
‘understanding interdependence of processes on different organization levels’, and ‘understanding
interdependence of processes occurring in the body and their influence on the organism as a whole’.

There are also system thinking skills that can prepare the students’ perception of the homo-
eostasis characteristic multisystems. These skills include ‘identifying dynamics’ and ‘viewing differ-
ent stages of a process as parts of a structured whole’. Awareness of how variables are balanced by
homoeostasis can help the student see not only the organism level and the physiological parameters
such as heart rate and respiratory functions, but also the intracellular and molecular levels, each
with their own specific variables. The system thinking skill of ‘understanding that some of the
changes occurring in the organism result in a deviation of physiological variables’, can contribute to
the students’ perception of the homoeostasis characteristic dynamics.

In addition, after teaching with the application of an STLA, we found certain correlations
between all three aspects of homoeostasis perception. Based on those correlations, we recommend
that an STLA be applied. This can be effective if it is done while explicitly highlighting for students
the connection between the aspects of ‘understanding homeostasis’, ‘understanding the character-
istics of homeostasis’, and ‘application of homeostasis’.

We suggest taking a step-by-step approach, so that each lesson exposes the student to a few new
aspects of system thinking that will gradually be added to those that are more familiar, preventing
the overwhelming, intimidating burden of the unfamiliar. This way, the student may gradually
assimilate more and more system thinking skills, implementing them through various examples.
We recommend introducing numerous examples and exercises by creating a wide variety of
learning tasks that are focused on a wide variety of homoeostatic events. The STLA learning tasks
should include a set sequence of questions to serve as a skeletal guideline, with adjustments by the
relevant subject matter and class — similar to the instruction activities carried out in this study.

Pedagogical change in the classroom will take place only if teachers take the initiative — and they
must be equipped with the right tools and the right knowledge to lead the way. In order to plan and
implement an STLA, teachers must be versed in the different aspects of system thinking and their
biological significance, properly trained in system thinking, and a positive attitude regarding its
important role. It is essential that teachers be taught how to instruct their students to develop
system thinking, teaching them how to exercise and implement an STLA on the subjects in the
biology curriculum. Teachers must also learn how to develop pedagogical scientific discourse in
the classroom, properly applying system-thinking concepts. The preparation of biology teachers
must therefore cover the subject of system thinking with an emphasis on homoeostasis, while also
training teachers to develop the system thinking skills of their students through the explicit
instruction of homoeostasis characteristics.

According to the Next Generation Science Standards reform, developing thinking skills must be an
integral part in the teaching of every subject matter, being just one aspect in the changing role of the
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teacher. This reform also includes the adjustment of the curricula to give time and space for the
development of scientific and engineering practices and thinking skills, as well as the implementation
of suitable instructions that are specifically focused towards these practices and skills (Fick 2018).

Research limitations

The teachers were inexperienced in the instruction of system thinking. They were introduced to the
necessary skills only in the framework of the training they received from the researcher while preparing
for the intervention. All the post-learning tests in this study were conducted mid-year, when the students
completed the study of the human circulatory system. No similar tests were conducted upon completion
of the entire part of the syllabus that dealt with ‘Human biology emphasizing homeostasis’. An
interesting follow-up study would involve investigating the perception of homoeostasis among 10™
grade students after they have completed the entire subject. This follow-up would take place at the end of
the school year, as well as at the end of 12™ grade. We conclude with a quote from one of the students:
‘Homeostasis again?! Why do they have to make it complicated in biology?!’
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Appendix 1 Similarities and differences between questions in the HPQ

Items 1 and 2 are identical in the pre and post learning questionnaires. Items 3, 4, and 5 are similar in the pre and post
questionnaires and are actually two versions of the same item. In each case, different homoeostasis events are
described, but in both cases the descriptions lead to the same question.

Example of an item from the pre learning questionnaire (question 3):
Many mountaineering expeditions arriving at the Himalayas since the beginning of the 20™ century hire the indigenous
Sherpas as guides and porters. The relatively short statured Sherpas are used to high altitude and carry 50 kg loads on

routes that prove very challenging for non-locals, even for professional mountain climbers carrying no extra weight. Is it
possible to conclude from the above that Sherpa people do not require homoeostasis mechanisms?

Example of an item from the after learning questionnaire (question 3):

Plants lose water by a process called transpiration: small pores on the leaf surface, known as stomata, open - and
through these pores water evaporates. Desert dwelling organisms are subject to extreme conditions such as water
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scarcity and possible dehydration. Opening their stomata during the dark, desert plants avoid more significant water
loss. Is it possible to conclude from the above that desert plants do not require homoeostasis mechanisms?

Appendix 2A Homoeostasis questionnaire

Pre-learning

Part A

For questions 1 and 2 - choose the single most appropriate answer:

(1) Which of the following conditions indicates the existence of homoeostasis in the living organism?
(a) All bodily functions are equally operating.
(b) The internal environment is independent of the external environment.
(c) The amount of food ingested by the organism is equal to the amount of substances excreted from the body
within a given period of time.
(d) The internal environment is different from the external environment.
(2) A homoeostatic system operates to maintain a steady state in the human body. This means that for a
particular factor (such as heart rate, body temperature, etc.)
(a) Deviations occur above or below a certain value and the system responds by correcting deviations.
(b) The homoeostasis system maintains a constant value by preventing deviations.
(c) Normally no deviations occur, but if there is any deviation, the system will overcome it.
(d) It is the homoeostatic system itself that generates deviations in order to adapt the body to changing
conditions.

For questions 3, 4, and 5 - write your answer.

(3) Many mountain climbing expeditions have arrived at the Himalayas since the beginning of the 20™ century.
They hire the indigenous Sherpas as guides and porters. The relatively short-statured Sherpas are used to high
altitude and can carry 50 kg loads on routes that prove very challenging for non-locals, even for professional
mountain climbers carrying no extra weight. Is it possible to conclude from the above that Sherpa people do
not require homoeostasis mechanisms?

(4) On cold days, when the surrounding temperature drops to 10°C, the body temperature of a healthy human body
temperature remains stable due to an increase in cellular respiration. Does this mean that there is no
connection between the internal and the external environments?

(5) An Israeli backpacker arrived at the Peruvian city of Huaraz — which is 3091m above sea level. For the first few
days following his arrival, he suffered headaches, and felt weak and dysfunctional. After a few days of medical
follow-up and rest, the backpacker regained his vitality. The chart below shows test results for the backpacker’s
haemoglobin levels and oxygen consumption over a two-week period.

In your opinion, do the changes in haemoglobin levels and oxygen consumption contradict the concept of
homoeostasis? Explain.

Hemoglobin and oxygen consumption levels for different
lengths of time spent at high altitude
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Appendix 2B Homoeostasis questionnaire

Post learning

Part A

On questions 1, 2 - choose the single most appropriate answer:

(1) Which of the following conditions indicates the existence of homoeostasis in the living organism?
(a) All bodily functions are equally operating.
(b) The internal environment is independent of the external environment.
(c) The amount of food ingested by the organism is equal to the amount of substances excreted from the body
within a given period of time.
(d) The internal environment is different from the external environment.
(2) A homoeostatic system operates to maintain a steady state in the human body. This means that for a
particular factor (such as heart rate, body temperature, etc.)
(a) Deviations occur above or below a certain value and the system responds by correcting deviations.
(b) The homoeostasis system maintains a constant value by preventing deviations.
(c) Normally no deviations occur, but if there is any deviation, the system will overcome it.
(d) It is the homoeostatic system itself that generates deviations in order to adapt the body to changing
conditions.

On questions 3, 4, 5 - write down an answer.

(3) Plants lose water by a process called transpiration: stomata, which are small pores on the leaf surface, open - and
through these pores water evaporates. Desert dwelling organisms are subject to extreme conditions such as water
scarcity and possible dehydration. Desert plants avoid more significant water loss by opening their stomata during
the dark. Is it possible to conclude from the above that desert plants do not require homoeostasis mechanisms?

(4) A fox inhabiting the warm south and a fox of the cold north share a similar body temperature. Does this mean
that there is no connection between the internal and the external environments?

(5) Danny arrived from Israel to Mexico City, the Mexican capital elevated 3500m above sea level. Immediately upon
arrival, the enthusiastic traveller set out to explore the city markets. Within a few hours he began to feel weak and
out of breath - and was hospitalised.

The chart below shows Danny’s cardiorespiratory test results over two weeks. Danny was feeling better after five days.

In your opinion, do the changes in heart rate and respiratory rate contradict the concept of homoeostasis?
Explain.

Danny's heart rate and respiratory rate since arrival to Mexico
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