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Abstract: Many studies in the field of science education have emphasized the
fact that systems thinking is a very important higher-order thinking skill that
should be fostered during classes. However, more attention has been dedicated
to the different ways of the assessment of systems thinking skills, and less to
their enhancement. Taking this into consideration, the goal of this study was
not only to validate the systems thinking skills of secondary school students,
but also to help students in the complex process of their development. With this
goal, new instructional and assessment tools — systemic synthesis questions
[SSynQs], were constructed, and an experiment with one experimental (E) and
one control (C) group was conducted during organic chemistry classes.
Namely, the instructional teaching/learning method for both E and C groups
was the same in processing new contents, but different on classes for the
revision of the selected organic chemistry contents. The results showed that
students exposed to the new instructional method (E group) achieved higher
performance scores on three different types of systems thinking than students
from the C group, who were taught by the traditional method. The greatest
difference between the groups was found in the most complex dimension of
systems thinking construct — in the II level of procedural systems thinking.
Along with this dimension, structural systems thinking and the I level of the
procedural systems thinking were also observed.

Keywords: assessment tool; instructional tool; secondary chemistry education;
systemic approach; higher-order thinking.
INTRODUCTION

In science education literature, the central goal of fostering students’ higher-
-order thinking skills (HOTS),!-3 or higher-order cognitive skills (HOCS)#> has
been widely accepted. Even though it is challenging to provide an exact defin-
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ition of HOTS, Resnick® noted their non-algorithmic, multiple and complex nat-
ure. According to this notation, it is expected that HOTS include a wide range of
different skills. Hence, these skills include problem solving,>7 decision mak-
ing,3:57 critical thinking,5:7 the ability to ask complex questions,!-3:7 generating
argumentation!-3 and systems thinking.37

In our opinion, a very detailed definition of systems thinking is that proposed
by Salisbury.8 This author defined systems thinking as the ability to think about
all the concepts and relations that exist within a system, in order to effectively
structure these relations. Furthermore, Evagorou et al.® simplified this definition,
describing systems thinking as the ability of an individual to understand and
interpret complex systems. In addition, system could be considered as an entity
that exists and functions through the interactions of its parts.!0 The term system
is very broad, and appears in several domains: social systems, technological
systems and natural systems. In recent years, it has been recognized that many
phenomena around us are examples of complex natural systems (e.g., ecosys-
tems, hydro-cycle, metabolism, mixtures, organic compounds, etc.). For this
reason, the understanding of complex systems and systems thinking has received
growing attention in science education.®-!! Yet, the real problem was stated when
researchers recognized students’ limited understanding of complex systems.12 In
order to solve this problem, Gulyaev and Stonyer!3 proposed building an inte-
grated curricula and developing an instructional method based on a mapping
model. However, it should be mentioned that science education literature offers
just a few empirical studies about how students could become good systems
thinkers,” and how systems thinking skills could be promoted through teaching.
Within this goal, computer simulations have often been used. Regarding ele-
mentary school students, Evagorou et al.9 examined the impact of simulation on
the students’ systems thinking skills in one science (biology) topic, i.e., the eco-
-system of a marsh. Additionally, the same instructional method was effective in
developing the students’ systems thinking skills in secondary school biology les-
sons, however only in combination with a specific lesson within the context of
education for sustainability development (ESD).!4 Along with simulations, a spe-
cifically designed computer game seemed to be effective in biology classes too.15
Furthermore, a slightly different approach to promoting the students’ systems
thinking skills was proposed by Assaraf and Orion!0 in Earth science classes.
These authors perceived the need for transforming the traditional classroom set-
ting into specifically designed classes — a multidisciplinary-based study program.
These classes should include a knowledge-integration activity, as well as an out-
door learning activity.

According to the previously mentioned studies, systems thinking is a very
important HOTS that students should develop,®-!6 but also very difficult to
measure.!® Brandstidter et al.l7 stated that, in addition to video analysis, the
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ENHANCING AND ASSESSING STUDENTS’ SYSTEMS THINKING SKILLS 145 7

most widely used tools for assessing students’ systems thinking skills are ques-
tionnaires and interviews. This statement confirms a study by Assaraf and
Orion,!0 who used several different qualitative and quantitative research tools
along with questionnaires and interviews. For example, by analyzing drawings
and word associations of students, these two authors concluded that students
possess an incomplete picture of the water cycle, as well as many misconcept-
ions. On the other hand, observing the results of pre- and post-test analysis of
concept maps, Assaraf and Orion!0 noted the improvement of students in their
ability to identify relations among concepts. Similar results were reported in a
paper by Brandstidter ef al.,17 who suggested computer and paper-pencil concept
maps as adequate instruments for analyzing students’ systems thinking. How-
ever, these authors took a step forward, observing two-dimensional way of sys-
tems thinking — structural and procedural systems thinking. The first dimension,
or structural systems thinking, refers to analyzing the basic structure of the sys-
tem — relevant concepts and their relationships. On the other hand, second
dimension, or procedural systems thinking, refers to the understanding of dyn-
amic and cyclic processes that occur within systems’ elements and subsystems.!?
The importance of this research was observed by Dauer et al.18 who applied box-
and-arrow (similar to concept maps) as an instructional and assessment tool in
biology courses. Even though the results of this study indicated that students
improved their structural systems thinking ability, the authors did not examine
the students’ procedural systems thinking ability.

One of the latest papers is that by Vachliotis et al.,!9 who examined sec-
ondary school students’ systems thinking skills in an organic chemistry domain.
For this purpose, the authors constructed and evaluated fill-in-the blank systemic
assessment questions (SAQs). SAQs were introduced by Fahmy and Lag-
owski20:21 3 few years later than their precursors — systemic diagrams.2223 Sys-
temic diagrams and SAQs take a central role within the context of systemic
approach to teaching and learning chemistry (SATLC), as basic instructional,
or/and assessment tools. According to Vachliotis et al.,2* systemic diagrams and
SAQs belong to the broader group of concept mapping techniques. However,
while Novak et al.25 highlighted hierarchical structure as the main characteristic
of concept maps, systemic diagrams and SAQs do not possess hierarchical levels
of concepts in their structures.24 On the contrary, systemic diagrams and SAQs
present closed conceptual structures,2! in which all relations between concepts
are made explicit to the learners.23 Namely, emphasizing cyclic interrelations
among new concepts and those previously acquired, systemic diagrams and
SAQs could provide more information to students than concept maps.

However, the main differences between systemic diagrams and SAQs should
be mentioned. On the one hand, systemic diagrams represent all relevant con-
cepts within a specific teaching unit, and therefore contain a large number of
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concepts. On the other hand, SAQs contain a smaller number of concepts com-
pared to systemic diagrams, as they were designed to effectively assess meaning-
ful understanding and systems thinking after students have become familiar with
a particular teaching theme.26.27 As was previously mentioned, in SAQs, all
concepts are directly or indirectly interrelated forming a closed structure,2! which
could follow various geometric shapes. Fahmy and LagowskiZ0 proposed triang-
ular, quadrilateral, pentagonal, hexagonal SAQs, depending on the number of
concepts included in the structures. An example of a common form of pentagonal
SAQ with five concepts is presented in Fig. 1. Panels A—E represent a selected
collection of concepts (e.g. chemical compounds), while x, y, z, g, and w high-
light the relation between concepts (e.g. reagents, light, catalyst, temperature,
pressure).

D C

Fig. 1. Common form of pentagonal SAQ.

Besides their geometric shape, SAQs could also be distinguished by their
type. Fahmy and Lagowski20-2! proposed various types of SAQs, i.e., systemic
multiple-choice questions (SMCQs), systemic true/false questions (STFQs), sys-
temic sequencing questions (SSQs), systemic matching questions (SMQs), sys-
temic synthesis questions (SSynQs), and systemic analyzing questions (SAnQs).
In the present study, SSynQs, as new instructional and assessment tools in sys-
tems thinking literature, were included. However, some changes were made to
the original version. In Fahmy and Lagowski’s2! version of SSynQs, all concepts
are proposed in the statement of a particular task and students should develop
(build) a diagram by positioning these concepts in the correct fields. Namely,
they needed to determine the correct relations between concepts. On the other
hand, the herein presented SSynQs were designed in a way that required rec-
ognizing, or identifying new concepts by observing the defined relations between
them. Henceforth, students were faced with unfilled, or partially filled SSynQs
(the initial concept was presented) in order to fill in the concepts that were
missing.

It should be noted that fill-in-the-blank SAQs were previously characterized
as valid and reliable tools for assessing students’ meaningful and conceptual
understanding of organic chemistry concepts by Vachliotis et al.19:24 In their
latest paper, these authors!® included an additional variable in the research, i.e.,
students’ systems thinking skills. To the best of our knowledge, this is the only
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study that considered students’ systems thinking skills in the chemistry edu-
cational process. However, this study!® only considered the assessment of stu-
dents’ systems thinking skills, and it is still unknown how these skills could be
promoted in the classroom.

METHODOLOGY
Study objective

The main objective of this study was to examine the impact of SSynQs on the learning
gains of secondary school students. Such learning gains were observed through an assessment
of experimental and control groups students’ systems thinking skills in the domain of organic
chemistry. From the defined research objective, two research questions arise:

1. Which test questions (conventional and/or SSynQs) could effectively assess the ability
of secondary school students for structural and procedural systems thinking?

2. Which type of instructional method (traditional or the systemic approach by applying
SSynQs) could more effectively provide an enhancement of students’ structural and pro-
cedural systems thinking skills?

Sample

The study sample comprised 119 high school students (61 males and 58 females; four
classes) of mixed ability and socio-economic status. The experiment was conducted during the
second semester of the 2012/2013 school year, and focused on third-grade students (11t grade
in the Anglo-American educational system; 17—18-year-old) who attended the same study
stream: science and mathematics, in one high school in an urban region in Serbia. The par-
ticipants of the study also included two chemistry teachers who have a Master’s degree in
Teaching Chemistry, and similar experience working with secondary school students (10
years of experience in teaching Chemistry). Each of the teachers taught two classes. In order
to achieve the aim of this study, a quasi-experimental research design involving non-random
assignment to two parallel groups, one experimental (E) and one control (C) was conducted. It
should be clarified that the instructional method for both E and C groups was the same in the
processing new organic chemistry contents, but different in revision classes. Namely, the E
group students were treated by applying SSynQs, while C group was treated by applying the
traditional method of teaching and learning the same material as the E group, however they
did not receive any training in the systemic approach.

Such a research design with post-test only is involved in many studies in science
education literature.20-2% Students were allocated to the different instructional conditions
according to the average chemistry grades achieved at the end of previous school years (first
and second school years). The average chemistry grade was 4.38 (SD = 0.63) in the E group
and 4.42 (SD = 0.70) in the C group, in a five-point grading system. Group equalization based
on average grades instead of initial testing was chosen to avoid the Hawtorne effect.3%3! Since
the collected data was not normally distributed (Shapiro—Wilk test: E group: W = 0.83, p =
=0.000; C group: W= 0.79, p = 0.000), application of the non-parametric Mann—Whitney test
was chosen to compare the medians of the E and C groups. The obtained results showed that
there was no statistically significant difference between E (mean rank, MR = 58.77, sum of
ranks, SR = 3820.00) and C (MR = 61.48, SR = 3320.00) groups before the conducted
research; for U = 1675.00, the p value was greater than 0.05 (p = 0.653). Thus, the formed E
group contained 65 students, while the C group contained 54 students.
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Context of the study

First, it should be mentioned that prior to the present study, a pilot study was performed
with two groups (one E and one C) and one teacher. The design of the pilot study was similar
to that of the present study, and it was conducted in the first semester of the 2012/2013 school
year, with smaller sample of participants (two classes), who followed the organic chemistry
course: “Hydrocarbons and their halogen derivatives”. The main objective of the pilot study
was to investigate initially the efficiency of SSynQs as assessment and instructional tools,
examining the students’ performance because of their meaningful learning,2° as well as per-
ceived mental effort.2’

In the present study (second semester of the 2012/2013 school year) students followed
the organic chemistry course: “Organic compounds with oxygen”. One teaching theme “Car-
boxylic acids and their derivatives” was chosen as the material for this experiment, which was
processed in five school classes (one class lasted 45 minutes). In accordance with the cur-
riculum regulations of the third grade of the science-oriented and general high school, as well
as with the recommended textbook, the following contents were processed: 1) general
properties of carboxylic acids, 2) classification of carboxylic acids, 3) preparation of carbo-
xylic acids and their physical properties, 4) chemical properties of carboxylic acids and 5) the
function and application of carboxylic acids. The main objective of the phase of the conducted
experiment was to familiarize students with the basic features of the aforementioned teaching
units. Namely, the transfer of information and accumulation of students’ knowledge were
realised through the teacher’s lectures, discussion sections, and laboratory work (traditional
method of teaching). During this period, all students were treated the same, relying on the
recommended textbook and course material.

After the completion of this phase, the students were divided into E group (two classes)
and C group (two classes). Hence, the E group students were taught by one chemistry teacher,
while C group students were thought by the other chemistry teacher. One teacher was chosen
for both E group classes for of several reasons. Firstly, the selected teacher has already par-
ticipated in the prior study, and as such, was experienced in the systemic approach. Namely,
the teacher was familiar with basic features of systemic approach and its applications in
organic chemistry. Apart from this, Ozmen et al.3? recognized that a teacher could have
“experimenter bias”, which could be explained by the fact that the teacher could be more
enthusiastic about the experiment, and thus be more interested in the E than in the C group.
For this reason, an experiment with the random assignment of the teachers to one E class and
one C class was not chosen. Additionally, it is important to note that one author of this paper,
who was a research assistant at the Faculty of Sciences, attended all the classes of both
teachers in order to provide the same teaching quality.

The new teaching and learning environment

It should be mentioned that the revision of the selected organic chemistry contents (phase
2 of the study) was conducted during two school classes (90 min) in both E and C groups, so
the length of time to study and revise was the same in both groups. For the purpose of the
experiment, learning sheets with five unfilled and partially filled SSynQs were prepared, and
presented to the teacher prior to their implementation in the classes. The SSynQs consisted of
four to eight main concepts, and one example of the SSynQs with six concepts (main fields) is
presented in Fig. 2.

Before receiving learning sheets, the students were introduced to the operational
definitions of terms applied in SSynQs, i.e., concepts, main relations, and cross-links. Addi-
tionally, before solving each SSynQ, they should read the instruction (presented in a text
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above the SSynQ). By this, they could perceive the important relations between undefined
concepts. Furthermore, the students were encouraged to participate actively in the classes,
answering the teacher’s questions and filling in the empty fields in the SSynQs with structural
formulas and IUPAC-names of the required organic compounds. In this process, the teacher
used a Power-Point presentation to ensure that all the students could see the correct answer at
the end, which was presented via a video projector. The main goal of the experimental classes
was to achieve a global view of selected chemical contents, connecting one class of organic
compounds with others, previously learnt (e.g., carboxylic acids and their salts with alkanes
and alkyl halides; Fig. 2).

A B C
NaOH, t Clz2/hv
O / |
sodium-ethanoate P — |
\
F 3 l JI r REVSRE
T L Mg,
A ethoxyethane
NaHCOz 3 oRY
F E D
JR:ce) P>
< < <
\
!
7
r—<n

Fig. 2. Example of an SSynQ with six concepts that was applied in the experiment.

On the other hand, during phase 2, C group students continued with the application of the
traditional method of teaching and learning of organic chemistry. Thus, students in the C
group revised the same material as the E group, but they did not receive any training in the
systemic approach. Namely, under the controlled condition (one author was present) they
solved specifically constructed conventional tasks (e.g. multiple-choice questions, completion
type questions). According to this, they receive instruction on the main systems thinking
language: “links” that represent the influence of one concept on others. More precisely, such
links highlighted the conditions (temperature, pressure, catalyst) and direction in which one
specific concept could be transformed to the other. After completion of each task, the students
received feedback about their response to a particular problem (task).

Research instrument

The instrument for assessing students’ systems thinking skills (a specifically designed
test of knowledge) consisted of 10 tasks. These tasks were divided into two main categories:
SSynQs and conventional questions, which were previously used as valid and reliable tools
for assessing systems thinking.!413:17 By application of additional assessment tools along with
SSynQs, a disadvantage position of the C group students was prevented.

Conventional questions were designed following several question types: matching ques-
tion (Q1), completion type questions (Q2, Q10II), multiple-choice questions (Q3I, Q5, Q7,
Q10I), and open-response questions (Q6, Q9). Additionally, SSynQs were presented by the
numbers Q4 and Q8. For example, one open-response question (Q6) was defined as: “After
finishing reaction between an aliphatic compound A with a molecular formula CsH;(O, and
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potassium dichromate solution acidified with dilute sulphuric acid, the orange solution turns
green. The obtained substance B reacts with the sodium bicarbonate, forming a gas as one of
the reaction products, which does not help burning (lighted wooden splint is extinguished).
Draw structures and write IUPAC names for compounds A and B, if both compounds contain
one chiral centre.” On the other hand, an SSynQ (Q4, Fig. 3) was defined as: “Write the
structure of ethanoic acid in field A, and then, in the field B, write the structure and the
IUPAC name of the compound that can be obtained by the reaction of ethanoic acid and
calcium hydroxide. Compound B is further subjected to thermal decomposition to produce
compound C. Compound C can be oxidized by hot nitric acid yielding two products: ethanoic
acid and compound D. Compound D is reduced with lithium aluminium hydride to give
compound E, which further reacts with compound F (obtained by a reaction of ethanoic acid
and phosphorus trichloride) giving the final product G.” The correct answer for Q4 is
presented in Fig. 3.

A Je B C 0
H:C—-C” Ca(OH):2 t I
o ,( 2,0 (CHCOO)Ca _ »  HC—C—CH,
ethanoic acid \:. _ _calcium ethanoate \\_ | __propanone
PCls HNOs, t
A 4 A 4
H,C c//o E Liamn | ® C/O
T a CH:OH o ot
ethanovl-chloride methanol ‘) __methanoic acid
-
r—-=
" | | ]
| HEL R
A 4
[&]
H;,c—C”
OCH;
methyl-ethanoate

Fig. 3. Solved test question Q4 presented as an SSynQ.

Scoring of the performance on the test questions was performed based on the nature of
the questions. Namely, multiple-choice questions were scored with one point, while in com-
pletion, open-response, matching questions, and [SSynQs], each individual requirement was
scored with 0.5 points. In an SSynQ, 0.5 points were scored for each concept presented in the
right field in a diagram by correct structural formula or [UPAC name, or with one point if
such concept was presented by both the correct structural formula and ITUPAC-name. The
maximum performance score in the test was 28 points.

Quality assurance of the applied instrument. The credibility of the applied instrument
was assured by considering the test validity and reliability. The content validity as a pre-test
assurance parameter was estimated through the work of an expert team, composed of two
university professors and two research assistants in the field of Chemistry Teaching, and one
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high school chemistry teacher. They concluded that the test was valid as it was devised fol-
lowing the curriculum regulations of the selected chemistry course, as well as the recom-
mended textbook. Additionally, the clarity and meaningfulness of the test question require-
ments, the variety of question types, the length of sentences and the applied terminology were
considered.

Validity as a post-test assurance parameter was estimated considering the statistical
results of the applied test, in accordance with Lopez ef al33 In this analysis, the relation
(Pearson’s correlation coefficient) between SSynQs scores and performance scores on
conventional questions was considered. After conducting a correlation analysis of the obtained
results, the Pearson’s coefficient of 0.774 (p < 0.05) showed, according to Dunn,3* a strong
positive, statistically significant correlation between the students’ performance on [SSynQs]
and conventional questions. This parameter confirmed the validity of the test.

The reliability was estimated by two different methods: i) internal consistency and ii) the
split-half method. The reliability of internal consistency was calculated using the Cronbach o
coefficient, which was found to be 0.925 (Table I). Additionally, the split-half method took
into consideration several different coefficients (e.g. Cronbach’s a for each part, the Spea-
man-Brown coefficients, etc., Table I), which ranged from 0.855 to 0.922. The results of both
methods showed that the applied test has excellent reliability.

TABLE I. Reliability calculations for the applied instrument

Internal consistency Cronbach’s a 0.925
Split-half method Cronbach’s a for part 1 0.865
Cronbach’s a for part 2 0.861
Correlation between parts 0.855
Spearman—Brown coefficient for equal lengths 0.922
Spearman—Brown coefficient for unequal lengths 0.922
Guttman split-half coefficient 0.921
RESULTS AND DISCUSSION

Assessing students’ systems thinking skills: analysis of the proposed model

In order to answer the first research question, exploratory factor analysis
(EFA) with maximum likelihood (ML) extraction was used. It should be men-
tioned that this study put 99 data into the factor analysis as not all students com-
pleted the test.

Before developing intervention and test items, it was hypothesized that the
two-factor model (structural and procedural system thinking) proposed by
Brandstidter et al.,!7 would explain the students’ responses to the set of 10 test
questions. However, a chi-square measure of goodness-of-fit (y* = 58.99, df = 26,
p = 0.000) rejected the hypothesis that two factors were adequate to explain the
model. Thus, an alternative three-factor model was estimated. The Bartlett’s test
of sphericity (y2 = 682.10, df = 45, p = 0.000; p < 0.05) and Kaiser-Mayer—Olkin
measure of sampling adequacy (KMO = 0.89; KMO > 0.50) indicated the suit-
ability of the EFA for the obtained data, and a chi-square measure of goodness-
-of-fit (y2 = 28.78, df = 18, p = 0.051; p > 0.05) indicated that systems thinking
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(ST) could be represented through the three factors. The three-factor model
explained 76.97 % of the variance. The first factor was labelled as “structural
ST”, the second factor as “I level of procedural ST”, and the third as “II level of
procedural ST”. The different factors are explained below.

In order to determine the factor to which each test question is associated, the
factor loadings were considered. The factor loadings were interpreted according
to the Tabachnick and Fidell35 model, by which the lowest acceptable value for
factor loadings is 0.32. It should be mentioned that after conducting the EFA, all
test questions were associated with the first factor, however, some of the quest-
ions were also associated with the second or the third factor (Table II). In the
present case, it was not a surprising fact that all questions were loaded on the first
factor as the test of knowledge was constructed to tap into the high school
students’ ST skills, after applying selected instructional methods. Additionally,
according to Brandstidter’s et al.l7 definition of structural ST, students should
have developed the ability to solve any of the ten test questions, identifying rel-
evant elements (concepts) of the selected subsystem (“Carboxylic acids and their
derivatives”) of one isolated system (“Organic compounds with oxygen”), and
observe their interrelationships. The defined structural ST skills substantially
correspond to the second identification step of the Vachliotis’s et al.1° ST cons-
truct.

TABLE II. The main factors and factor loadings for the test questions

Question First factor Second factor “I level of the Third factor “II level of the
number “Structural ST” procedural ST” procedural ST”
Ql 0.684 0.317 0.383

Q2 0.688 0.243 0.416

Q3 0.674 - 0.110

Q4 0.845 0.533 -

Q5 0.847 -0.531 -

Q6 0.610 0.519 -

Q7 0.603 - 0.269

Q8 0.786 - 0.486

Q9 0.503 0.129 -

Q10 0.610 - 0.243

Additionally, to solve questions Q1, Q2, Q4, Q6 and Q8 (Table II) the struc-
tural ST was not sufficient. For this reason, a one-factor model was not chosen,
and these questions were associated with another factor. In literature, some
authors noted that it is acceptable that some questions are loaded on two fac-
tors.19:24 For example, Q4 and Q6 were also associated with the second factor (“I
level of the procedural ST”), while Q1, Q2 and Q8 were associated with the third
factor (“II level of the procedural ST”). In order to explain the way in which
some of the questions could evaluate lower or higher levels of students’ skills of
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the procedural ST, the systems and subsystems that included these questions
were examined. As can be seen from Table III, Q4 and Q6 have included one
system (“Organic compounds with oxygen”) and several subsystems (Q4: “Car-
boxylic acids and their derivatives”, “Carbonyl compounds”, “Alcohols”; Q6:
“Carboxylic acids and their derivatives”, “Carbonyl compounds”). Hence, in order
to solve these questions, the students should interconnect several larger parts
(subsystems), constituting a meaningful whole — conceptual system of interest.
According to this, in our opinion, the I level of the procedural ST could actually
be the third identification step of the ST construct developed by Vachliotis et al.19

TABLE III. Representation of associated systems and subsystems included in the test
questions; System 1: organic compounds with oxygen

I?;isggn Subsystems of system 1 System 2 i?zi}slf:nmls
Q1 Carboxylic acids and their derivatives  Inorganic acids Binary acids; oxyacids
Q2 Carboxylic acids and their derivatives =~ Hydrocarbons  Cyclic alkyl halides
Q3 Carboxylic acids and their derivatives
Q4 Carboxylic acids and their derivatives;
carbonyl compounds; alcohols
Q5 Carboxylic acids and their derivatives
Qo6 Carboxylic acids and their derivatives;
carbonyl compounds

Q7 Carboxylic acids and their derivatives
Q8 Carboxylic acids and their derivatives;  Hydrocarbons Alkanes; alkenes;

alcohols alkyl halides
Q9 Carboxylic acids and their derivatives
Q10 Carboxylic acids and their derivatives

On the other hand, the remaining three test questions, Q1I, Q2 and Q8,
showed not only interconnection of several subsystems of one isolated system,
but also interconnection of more than one system, i.e., two associated conceptual
systems. Thus, Q1 included the additional system “Inorganic acids”, while Q2
and Q8 included “Hydrocarbons” (Table I1I). According to this, in order to solve
the test questions associated with the third factor (II level of the procedural ST),
the students should develop the ability to identify concepts and relationships of
several subsystems of more than one system. In the paper by Vachliotis et al.,!°
such ST skills were not mentioned.

Henceforth, after discussing the EFA results, all the test questions that were
associated only with the first factor were considered as assessment tools for
students’ structural ST skills in the further analysis. Additionally, the test quest-
ions that were associated with the second or third factor along with the first factor
were considered as assessment tools for the I or II level of students’ procedural
ST skills. The stability of the three-factor model was additionally confirmed by
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calculating the Cronbach alpha of the separated subscales (ol = 0.843; a2 =
=0.707; a3 = 0.871).

Students’ performance in the three types of STs

After determining which test questions could evaluate the students’ ability of
structural, or I and II level of procedural ST skills, the next aim of this research
was to investigate the significance of the differences in the performance of the E
and C group students in the three different types of STs. The basic statistical
parameters obtained for these variables are summarized in Table 1V, including
the mean scores (M), the difference in the mean scores between the E and C
groups (AM), the standard deviations (SD), the minima and maxima, and the
ranges. The mean scores indicated that the E group achieved significantly higher
scores in comparison to the C group, observing the performance in each of the
three types of STs. From Table 1V, it could be seen that the largest difference in
performance between the groups was detected in the II level of the procedural
ST, while the lowest difference appeared in the category of the structural ST. In
particular, it was found that implementation of SSynQs as instructional tools
increased the students’ structural ST ability by 27.81 percentage points, the |
level of the procedural ST ability by 30.74 percentage points, and the II level of
the procedural ST by 33.21 percentage points. These differences are examined
and discussed in detail in the following section.

TABLE IV. Descriptive statistics for the students’ performance in the three different types of
STs

Performance in the Performance in the I level Performance in the 11

Parameter structural ST of the procedural ST level of the procedural ST
E C E C E C

M/ % 86.25 58.43 84.44 53.70 58.17 24.96
AM | % 27.81 30.74 33.21
SD 14.71 34.93 15.54 37.68 26.40 24.09
Minimum 50.00 0.00 33.33 0.00 12.50 0.00
Maximum 100.00 100.00 100.00 100.00 100.00 100.00
Range 50.00 100.00 66.67 100.00 87.50 100.00

In order to examine the statistically significant differences in the final exam-
ination scores between the two groups, the Mann—Whitney test with two inde-
pendent samples (level of significance at p < 0.05), was applied. The statistical
calculations were realised by application of the Nonparametric Tests from the
statistical package IMB SPSS Statistics, version 19. For this analysis, the stu-
dents’ performances in the three types of STs were defined as dependent vari-
ables. It should be noted that the Mann—Whitney test was used after determining
that the collected data did not satisfy the requirements of a normal distribution,
which was confirmed using then Shapiro—Wilk test, as well as observing the
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values for the standardized skewness and kurtosis. While the standardized kur-
tosis was within the +3 and —3 criterion3> for all the examined situations, the
standardized skewness did not meet an acceptable range in several of the situ-
ations. The values of standardized skewness for the performance of the E group
students on structural ST (ss = —3.15) and on the I level of the procedural ST
(ss = —4.71) highlighted the fact that the students’ performances were signific-
antly shifted towards higher scores. On the other hand, the same parameter for
the performance of the C group students on the II level of procedural ST (ss =
= 3.04) indicated the presence of too many low scores. In addition, a hetero-
geneity of the variance between the groups was also detected (Levene’s test: F(5,
291) =31.15, p = 0.000, p < 0.05).

The results of the applied Mann—Whitney test, presented in Table V, showed
that the E group had higher mean ranks that the C group for each of the three
dependent variables. The assumption that the group with the highest mean ranks
should have a greater number of higher scores was further confirmed with
p-values and z-values. The p-values resulting from this test were lower than 0.05,
while the obtained z-values were lower than the critical value, z. = —1.96 (Corder
and Foreman3©), observing the students’ performance on the structural ST (z =
=-4.31, p = 0.000), on the I level of the procedural ST (z = —4.35, p = 0.000),
and on the II level of the procedural ST (z = -5.79, p = 0.000). These parameters
showed that the differences in the performance on the three types of ST of the E
group, with respect to the C group, were statistically significant. In order to pro-
vide a clear description of the size of the observed statistically significant effects,
using the z-values the effect size index () was calculated for all dependent vari-
ables, following the formula:37

r=zI\NN (1)

Henceforth, using the » benchmarks provided by Cohen,38 the effect sizes
were evaluated. While medium effect sizes were determined for the performance
in the structural ST (» = —0.43), and the I level of the procedural ST (» = —0.44),
the students’ performance in the II level of the procedural ST was characterized
by a large effect size (r =-0.58).

TABLE V. Results of the Mann—Whitney test for students’ performance in different types of
STs; p=0.000

Performance Group Mean rank  Sum of ranks U z

Structural ST E (N=48) 62.74 3011.50 612.50 —4.31
C (N=51) 38.01 1938.50

I level of the procedural ST  E (N=48) 62.94 3021.00 603.00 -4.35
C (N=51) 37.82 1929.00

II level of the procedural ST E (N=48) 67.21 3021.00 398.00 -5.79
C (N=51) 33.80 1929.00
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From the results obtained in the Mann—Whitney test, it could be stated that
students who applied SSynQs during learning the selected organic chemistry
topic (“Carboxylic acids and their derivatives”) outperformed the students from
the C group. The E group students managed to develop procedural as well as
structural ST ability in a much more effective way than the students who were
taught by the traditional method. Apart from this, the calculated effect sizes
indicated that the most notable difference between the groups appeared in the
highest level of ST. This could be explained by the fact that instruction via
SSynQs brought students to a level in which they could not only identify the
initial concepts (organic compounds) and simple relations, but also effectively
“transform” such concepts within the selected system. According to Assaraf and
Orion, 19 this implies improved ability of students to include correct concepts into
cycles (subsystems), identifying interrelations among them, and organize them
into a complex system. However, the important question that follows is which
characteristics of the applied instructional method provided such benefits, in
comparison to the traditional instructional method. Perhaps, the right answer lies
in the structure characteristics of [SSynQs]. Observing the structure and design of
[SSynQs], these instructional tools could be characterized as completion of prob-
lems. Van Merriénboer and Sweller39 defined completion problems within cog-
nitive load theory (CLT) as problems (tasks) presented in a more or less com-
pleted (partially completed) form, in which students need to find the remaining
concepts for themselves. In their study, Mihalca et al.40 found that completion of
problems, as instructional tools, stimulate students to process the solution more
deeply, and enables them to construct complex cognitive schemas. According to
Van Merriénboer et al.,*! “schemas provide a bridge between what learners
already know and what they need to know to perform the learning task”. Finally,
the ability to make such relations and networks within the selected system is the
key characteristic of good system thinkers, and is highly relevant and appreciated
in science education.

CONCLUSION AND IMPLICATIONS

The first aim of this study was to examine the effectiveness of [SSynQs], as
new evaluation tools in systems thinking literature, in assessing the ST skills of
secondary school students. Considering the paper by Brandstidter et al.,!7 it was
expected that a two-dimensional model of ST, structural and procedural STs,
would be found and then analyzed. Contrary to expectations, a three-dimensional
model was found where the [SSynQs] were effective in evaluating the I and II
level of the procedural ST skills of students. These findings could be considered
as valuable for future research, in which some another types of SAQs should be
constructed and examined as tools for assessing different aspects of systems
thinking construct.
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With respect to the second suggested application of [SSynQs], the obtained
results created a clear picture of [SSynQs] as effective instructional tools. Stu-
dents from the E group managed to achieve higher performance scores on each of
the three different types of STs, compared to the students from the C group. In
addition, the highest difference between groups was found in the most complex
dimension of ST — the II level of the procedural ST. These findings are in agree-
ment with those of Hung,!® who stated that, in order to develop deep under-
standing of a selected complex system, students should develop the ability to int-
egrate fully their knowledge. In this point, the traditional instructional method is
usually not convenient.

Significance of the study. This study is significant in the area of science
(chemistry) education because, to the best of our knowledge, this is the first
paper that highlights a good way of how students’ ST skills could be promoted in
chemistry classes. Additionally, [SSynQs] were introduced and examined for the
first time as new instructional and evaluation tools in the area of ST. By this, the
results obtained in this study contribute to the growing body of both theory and
empirical practice in ST literature, in the field of science education.

Limitations of the study. Limitations of this study could be observed from a
methodological standpoint, since this study included students from only one high
school study stream: science and mathematics. Additionally, only organic chem-
istry contents were investigated.

Implications for future research. Future research with another sample (e.g.,
another high school study stream, or another secondary school profile) would
assist to confirm the results, or to obtain new ones. In addition, a more extensive
coverage of organic chemistry material should have been tested. Apart from that,
this research could be applied to different chemistry domains, such as general,
inorganic chemistry, or biochemistry. However, the main future research attent-
ion should be focused on analyzing the possible gender differences, as well as
differences in students’ cognitive load (invested mental effort) in the defined
dimensions of ST. By that, the connection between systems thinking constructs
and the cognitive load theory would be posted. Such results have not been yet
presented in science education literature.
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U3BOJ
[MTPOIEHA U ITOBOJBINAKGE YHEHWUYKHUX BEHNITUHA CUCTEMCKOI' MUIIIJBEELA
[TPUMEHOM CUCTEMHWYKHUX 3ADATAKA CUHTE3E ¥ OPTAHCKOJ XEMHJU

TAMAPA H. XPUH, IYIIHUTIA . MUJTTEHKOBWR, MUPJAHA 1. CETETUHAIL u CAIITA XOPBAT
ITpupogro—maitiematiuuku paxynive, Ynueep3uiteiti y Hogom Cagy, Tpi JI. Odpagosuha 3, 21000 Hosu Cag

MHora ucTpakrBama y 10/by 00pa3oBama y NPUPOAHUM HayKaMa HCTHUYY YHUIEHUIY O
Ba’KHOCTH CUCTEMCKOT MHUILJBbEHA, ka0 BEUITHHE MULI/bEHA BULIET pefia Koje Tpeba HeroBaTH y
HacTaBHOM npouecy. Mehytum, seha naxma je nocseheHa pasmTMUUTHM METOfaMa MpPOLIEHE
CHCTEMCKOT MUIUBEHA, @ MEMHA HETOBOM N000JbIIaKY. Y3uMajyhu oBo y 003Up, LM/b HUCTpa-
KMBama OUO je He camo f1a Ce MpOLeHe BEIITHHE CHCTEMCKOT MHUIUbEHA KOJ YUYE€HHKA Cpefi-
HOLIKOJICKOT y3pacTa, Beh a ce moOMOrHe y4eHUIIMMa y KOMITIEKCHOM IIPOLIeCY HeroBor pas-
Boja. Ca TUM LIM/bEM, KOHCTPYHUCAHHU Cy HOBU MHCTPYKLIMOHH ajlaTH U ajaTy eBaayaluje — CUC-
TEMUUYKU 3afauu cuHTe3e [SSynQs], HakOH yera je CIpOBENEH €KCIIEPUMEHT Ha 4acOBHMa
OpraHCcKke Xemuje, ca jegHoM excnepumeHTanHoMm (E) u jemHom xoHTponHoM (K) rpymom.
Havme, HHCTPYKIIMOHM MeTOq yuewa U obydyaBama 3a E u K rpyny je duo uctu xon odpane
HOBOT I'pajMBa, ajld Ce Pa3IMKOBa0 Ha YaCOBMMaA MOHAB/bama OfadpaHMX cafipKaja OpraHcke
xemuje. PesysnraTy cy nokasaay ia YYeHHUIM TOABPTHYTH HOBOM MHCTPYKUHOHOM MeTony (E
rpymna) octBapyjy 0or/pa mocturayha Ha TpW pa3iTH4HTe AUMEH3Hje CHCTEeMCKOT MHUIUbeHha Of
yuenuka K rpyne xoju cy odyyaBaHHW TpapuuuoHanHo. Hajseha pasnuka ce mojaBuia y Haj-
KOMIUIEKCHMjOj JUMEH3UjU KOHCTPYKTa CUCTEMCKOI MULIUbewa — y 11 HMBOY IpouesypanHor
CUCTEMCKOT MULIUbeHa. ITopes oBe JUMEH3Hje, CTPYKTypalHO CUCTEMCKO MULL/beHe U I HUBO
IpoLeNypaHOr CUCTEMCKOT MHUILBEHA CY TaKOh)e pa3MOTPEHU.

(ITpumsseno 11. aBrycra, pesuaupano 28. centemdpa, npuxsaheno 27. okrodpa 2016)
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