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Abstract

This paper reports a case study that explored teachers’ dynamic pedagogical content knowledge
(PCK) across three big ideas of electrostatics namely the electrostatic force, electric field, and
electric field strength. Two pre-service and two in-service teachers participated in the study. The
refined consensus model of PCK was adopted as the theoretical framework for the study. We
studied PCK as enacted during classroom teaching using observations and interviews. Data was
analyzed alongside a four-point scale grand PCK rubric used to score the competence of the
teachers for every big idea. The results showed that PCK of the teachers varied across the big
ideas, which is attributed to the nature of concepts, as well as teachers’ content knowledge in
each. The findings imply that pre-service teacher education programs should involve focus on
teaching specific concepts to support the development of holistic PCK for a topic.
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INTRODUCTION
This paper reports empirical research findings of a
case study that investigated teachers’ dynamic

pedagogical content knowledge (PCK) (Shulman, 1986)
enacted when teaching electrostatics. It is important that
teachers acquire appropriate PCK to teach electrostatics,
as literature shows that learners find the topic difficult to
understand (e.g., Li & Singh, 2017), particularly the
concept of an electric field and its strength in relation to
that of electrostatic forces (Garza & Zavala, 2013).

In the South African science curriculum, the topic of
electrostatics is taught extensively in grade 11 where it is
presented in terms of three concepts, namely
electrostatic force, electric field, and electric field
strength (Department of Basic Education [DoBE], 2011).
Electrostatic forces describe the strengths of attraction and
repulsion that charges have on each other. The electric
field describes the region of space where charges
experience forces while the electric field strength indicates
the force experienced per unit charge (E=F/j) at a specific
point of interest.

Recently, researchers have proposed that PCK has a
concept specific nature (e.g., Carlson & Daehler, 2019) in
addition to its discipline and topic specific grainsizes
(Veal & MaKinster, 1999). The notion of concept specific
PCK is not entirely new. In fact, it has been implicit in
many studies that investigated PCK at topic level. For
example, the content representation (CoRe) tool by
Loughran et al. (2004) portrays teachers’ topic specific
PCK in terms of the big ideas of the topic, which are the
major concepts on which the topic is based. Researchers
have been concerned with teachers” overall PCK instead
of studying it per concept. In the present study, the
fundamental concepts of electrostatic (electrostatic force,
electric field, and electric field strength) are regarded as
the big ideas of the topic, and we assume that the quality
of teachers’ PCK for teaching this topic may vary across
the concepts. Previously, we have found a variation in
teachers” static PCK across the same fundamental
concepts (Mazibe et al., 2020). However, we understand
that static PCK is not a true reflection of dynamic PCK
(Chan & Hume, 2019). Therefore, the present study aims
to expand the understanding of concept specific PCK by
exploring its dynamic forms in a real classroom situation
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Contribution to the literature

e The study provides empirical evidence that shows the quality of teachers' dynamic PCK varying across

the fundamental concepts of electrostatics.

e The results therefore support the concept specific nature of PCK that has been proposed in the literature.
e The study also found PCK variations across the fundamental concepts to be related to the nature of the
concepts and the level of teachers' content knowledge about the concepts.

across the fundamental concepts of electrostatics. The
following research question was formulated:

How do selected teachers” dynamic PCK compare
across the fundamental concepts of electrostatics
and how can variations be explained?

In the present study, we focused on the dynamic
aspects of PCK enacted during actual teaching, in
agreement with Alonzo et al. (2012) who argued that
they’ reflect PCK as it is used in practices associated with
teaching, rather than manifestations that are further
removed from the classroom-such as interviews and
paper-and-pencil assessments’ (p. 1216).

LITERATURE REVIEW

The Static and Dynamic Nature of Pedagogical
Content Knowledge

When reflecting on his original conception of PCK,
Shulman (2015, p. 10) indicated that it “was relentlessly
intellectual; it was attentive to the life of the pedagogical
mind, and it did not attend sufficiently to pedagogical
action’ (p. 10). This was after other researchers had
already proposed that PCK encompasses knowledge
and practice (e.g., Park & Oliver, 2008), which is static
and dynamic in nature respectively (Alonzo & Kim,
2016). Gess-Newsome’s (2015) description of PCK refers
to the static ‘knowledge of, reasoning behind, and
planning” and the dynamic” act of teaching’ (p. 36).

The static and dynamic forms of PCK are different yet
related because of the contexts in which they are
expressed. Teachers’ static PCK is expressed in planning
in an environment that is free of the classroom situation
and has received criticism for obscuring other crucial
aspects of teacher knowledge, particularly the skills
needed to carry out classroom instruction (Grossman et
al, 2009). Consequently, static PCK is commonly
regarded as being less authentic (Chan & Hume, 2019).
However, many researchers found that teachers’
dynamic PCK was predominantly restricted when
compared to the static PCK (e.g., Barendsen & Henze,
2019) while others reported enhanced practice compared
to what the static PCK had suggested (e.g., Mavhunga &
van der Merwe, 2020). Nevertheless, the importance of
static forms of PCK cannot be downplayed because they
inform lesson preparation (Alonzo & Kim, 2016), which
is the foundation of actual teaching. As stated by Alonzo
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et al. (2019), when involved in the act of teaching,
teachers formulate dynamic PCK that is suitable for the
immediate situation by referring to their static PCK.
Unfamiliar teaching situations trigger teachers” on-the-
spot decisions that are shaped by reflections-on-action
(Barendsen & Henze, 2019) and may also prompt a
teacher’s reflection-in-action after the lesson which
could develop their static PCK for future lessons (Alonzo
etal., 2019).

The Classroom Situation: The Location of Dynamic
Pedagogical Content Knowledge

According to Barendsen and Henze (2019), teachers’
decisions are shaped by personal and situational factors.
The classroom situation corresponds with the latter and
presents factors that are different from what teachers get
exposed to when planning for a lesson. During planning,
the expression of PCK is shaped by long term decisions
whereas during teaching, the decisions are short term.
Factors that shape teachers’ short-term decisions during
teaching have been investigated in instances where static
and dynamic PCK showed variations (e.g., Barendsen &
Henze, 2019; Mavhunga & van der Merwe, 2020). The
interaction between teachers, learners, and the content
has been identified as one of the reasons for the
variations. For example, Henze and Barendsen (2019)
reported that the reluctance of learners to engage with
content saw the teacher reverting to a traditional
authoritative approach after having declared a
constructive strategy in his planning. In contrast, when
learners engaged with the content through answering
and asking questions of their own, teachers were
prompted to reveal aspects of their PCK that were not
explicit in their planning (e.g., Mavhunga & van der
Merwe, 2020; Park & Oliver, 2008). Furthermore, when
practical demonstrations did not produce the expected
results, the teachers provided remedial explanations
(Park & Oliver, 2008). It is evident that dynamic PCK is
different from static PCK as it is expressed in an active
classroom situation, which warrants the need for the
present study.

THEORETICAL BACKGROUND

The present study adopted the refined consensus
model (RCM) of PCK (Carlson & Daehler, 2019). The
model describes PCK in three realms namely, collective
PCK (cPCK), personal PCK (pPCK), and enacted PCK
(ePCK). The cPCK realm describes knowledge for
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Table 1. Summary of scores per big idea allocated to teachers” competence in each component of PCK: limited (1), basic (2),

developing (3), & exemplary (4)

Vuyelwa

Jabulani Merriam Patrick

PCK components: Knowledge and skills related to ...

EFO EFI EFS EFO EFI EFS EFO EFI EFS EFO EFI EFS

Curricular saliency
Learners” understanding of concepts
Conceptual teaching strategies including representations

2 3 3 3 2 3 1 1 3 2 2
2 3 3 2 3 2 2 2 2 2 1
2 3 3 2 2 2 1 1 2 2 2

Note. EFO: Electrostatic force; EFI: Electric field; EFS: Electric field strength

teaching that is commonly shared by teachers, teacher
educators, and researchers. The pPCK and ePCK realms
describe knowledge that is unique to individual
teachers, with the former serving as the reservoir of static
PCK while the latter is dynamic. Furthermore, RCM
makes it explicit that it is ePCK that impacts learning
directly given its proximity to learners. Using this
understanding, the present study is conceptualized
within the realm of ePCK. RCM also recognizes the
concept specific grainsize of PCK, the level at which the
present study is conducted as it focuses on fundamental
concepts of electrostatics.

In order to characterize teachers’” dynamic PCK in
each fundamental concept of electrostatics, the
components of the grand PCK rubric (Chan et al., 2019)
were adopted as the analytical framework. The
components are knowledge and skills related to

(1) curricular saliency,
(2) learners” understanding of concepts, and
(3) instructional strategies including representations.

The grand rubric also refers to the integration of the
components as well as the pedagogical reasoning that
shapes teachers’ decisions (Chan et al., 2019). For this
study, we focused on the three components of PCK given
their prominence in the literature. Briefly, the
component of curricular saliency describes the selection,
connection, and coherence of big ideas among
themselves and with pre-concepts, and the accuracy of
content. Learners’ understanding of concepts refers to
describing learners” understanding as well as eliciting
and assessing student difficulties and misconceptions.
Conceptual teaching strategies refers to the selection and
use of suitable instructional approaches while
employing a variety of representations.

METHODOLOGY

This study followed a qualitative research approach
using a case study research design. A sample of two pre-
service and two in-service teachers was purposively and
conveniently selected to participate in the study for an
in-depth analysis of their PCK. The sample was selected
based on research evidence that pre-service teachers
tend to lack PCK compared to their experienced
counterparts (Kind, 2009). The four teachers were
working independently in separate schools. The pre-
service teachers, given the pseudonyms Vuyelwa and
Jabulani were fourth year BEd students specializing in

physics, chemistry, and mathematics. The in-service
teachers, with pseudonyms Merriam and Patrick,
respectively acquired a national diploma in analytical
chemistry and a BSc honors in chemistry after which
both pursued a postgraduate certificate in education
(PGCE) that qualified them to teach physical sciences. At
the time of the data collection, they had six- and ten-
years teaching experiences respectively.

Data was collected using classroom observations and
interviews as the focus of the study was on teachers’
dynamic PCK. Each teacher was observed teaching the
entire topic of electrostatics as the study aimed to
compare their dynamic PCK across the fundamental
concepts of the topic. The number of lessons observed
varied across the teachers depending on their pace. For
triangulation, interviews were used to corroborate the
data that was collected using observations.

Given the aim of the study, it was necessary to
develop a scoring rubric that describes criteria for rating
PCK competence across the fundamental concepts of
electrostatics. Following the adoption of RCM as the
framework for the study, the scoring rubric was
developed using the grand PCK rubric (Chan et al.,
2019), adapted to suit the topic of electrostatics
(Appendix A). The rubric describes criteria at four levels
that reflects teachers” competence in the components of
the grand rubric: limited (1), basic (2), developing (3),
and exemplary (4). The indicators describing the levels
of competence were inferred from pre-existing rubrics
(e.g., Park et al., 2011). For expert validation, the rubric
was scrutinized by the second and third authors of the
present paper. The data was primarily analyzed using
in-depth qualitative analysis which was followed by the
allocation of a score that describes the level of
competency that the teachers displayed for each
fundamental concepts in the components of the grand
PCK rubric. Furthermore, the analysis of the data and the
allocation of the scores were primarily conducted by the
principal author and validated by the second and third
authors. In instances where there were disagreements,
consensus was negotiated through discussions.

RESULTS

A summary of the teachers” PCK scores across the big
ideas is provided in Table 1. The results are presented
per case whereby the big ideas are discussed under each

3/ 14



Mazibe et al. / Dynamic PCK at concept level in electrostatics

component of PCK while describing similarities and
differences in the way they were presented.

In the discussion of the results, where necessary,
direct quotes from the rubric are included to justify
scores.

Case Study 1-Vuyelwa

Knowledge and skills related to curricular saliency

Vuyelwa’s lessons revealed aspects of curricular
saliency associated with the use of pre-concepts as the
foundation for subsequent knowledge. Regarding
electrostatic forces, she revisited some pre-concepts while
excluding others, for example trigonometric ratios as she
did not determine directions of resultant forces in 2D
due to a lack of content knowledge, as she stated:

Honestly, I did not know [how to determine the
directions of resultant forces]. Even myself I did
not how can I say what the direction is. So, I
thought let me leave it just before I confuse myself
and the learners too. One of the learners did ask’
ma’am what is the direction’, I said,” no, just go
and do it’.

Regarding the electric field, although she revisited the
pre-concepts of magnetic fields, she described them and
their interrelatedness with electric fields inadequately.
She said:

Remember in grade 10 we used iron filings to
observe an electric field ... I mean a magnetic field
around a magnet bar? That's how he [Faraday]
was able to see the electric fields around a charged
object. He said thus electric field can be observed
by placing a grain of materials such as a semolina
or iron filings.

In this regard, we note the effect of content
knowledge in the exclusion and inadequate discussion
of pre-concepts and the corresponding subsequent
knowledge. The two fields are different and can be
demonstrated using different particles, iron filings for
magnetic fields and semolina seeds for electric fields.
Nevertheless, the pre-concepts of charge interactions
were used adequately to determine directions of
electrostatic forces and electric field lines using a positive
test charge. As such, a basic (2) score was allocated for
both big ideas because only a few concepts were
‘developed from or linked with corresponding pre-
concepts.” Regarding the electric field strength, pre-
concepts were predominantly used adequately to
develop new knowledge. For example, Coulomb’s law
was adequately used alongside the definition of an
electric field at a point (E=F/j) to derive the formula E =

k % Furthermore, the pre-concepts of a positive test
T

charge and electric field patterns were used to determine
directions of electric fields at a point before
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superimposing them to obtain their resultants in terms
of magnitude and direction alongside a specified frame
of reference. In this regard, Vuyelwa was allocated a
developing (3) score because links between pre- and new
concepts were predominantly evident.

Knowledge and skills related to learners’
understanding of concepts

Vuyelwa wuncovered and addressed learners’
difficulties some degree of variation across the big ideas.
Regarding electrostatic forces, a learner revealed a major
misconception, stating that whenever a rubbed plastic
ruler does not attract pieces of paper, it is because the
pieces of paper carry an opposite charge, resulting in a
repulsion. We observed that Vuyelwa did not
acknowledge and address the misconception. When
calculating the magnitudes of electrostatic forces, she
emphasized that signs of charges must be excluded.
However, the reason for the exclusion was misleading,
stating that:” the negative [sign] only indicates that the
charge is negative. If you substitute [it in Coulomb’s law]
your answer is going to be negative. Do we have a
negative force?” Forces can be negative depending on
chosen frame of reference. The issue is that learners
would think that the force is in the negative direction
without consulting with the reference frame. Regarding
the electric field, she potentially perpetuated the
misunderstanding of the poor distinction between
electric and magnetic fields (Hekkenberg et al., 2015)
when she said they can both be depicted using iron
filings and/or semolina seeds. Nevertheless, she
addressed challenges associated with drawing and
interpreting electric field patterns, emphasizing that
field lines should neither touch nor cross and that their
density represent the strength of the field. Vuyelwa was
therefore allocated a basic (2) score for both the
electrostatic force and electric field because only ‘a few
areas of learners’ difficulties” were addressed.

Regarding the electric field strength, she addressed
major challenges that are documented in the literature.
She made it explicit that a test charge [g] does not affect
the electric field strength [E] of a source charge [Q]. In
the literature, it is documented that learners associate the
electric field at a point with the charge placed at that
point (Li & Singh, 2017). She also distinguished between
the source and the test charge and explained how they
are used to calculate the magnitude of the electric field
using E=F/ and E = kr%. This explanation was
particularly important because learners tend to confuse
the roles of the two charges in electrostatics (Bohigas &
Periago, 2010). She was therefore allocated a developing
(3) score for addressing ‘some areas of difficulty while
expanding on explanations.’
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Detel!mine the net electrostatic force on K if:

G—
<

r,=60mm

<

r=30mm

Figure 1. One of the problems of electrostatic forces solved
by Vuyelwa (Bernardo et al., 2012)

Knowledge and skills related to conceptual teaching
strategies including representations

Generally, Vuyelwa’s conceptual teaching strategies
were characterized by questions and explanations while
using representations with some variation across the big
ideas. Regarding electrostatic forces, she involved learners
by asking them to study charge interactions to determine
directions of the forces. Some of the questions were “are
the (interacting) charges like or unlike? Charge K will
(therefore) go to the ...?” Once the directions were
obtained, she represented them using vector diagrams
which she labelled adequately, e.g., FL onk. Although the
directions of the forces were evident in the diagrams,
Vuyelwa did not write them down next to their
magnitudes. Instead, she described charge interactions,
for example ‘FL on k=240 N attraction.” This is how she
determined the resultant forces in one of the problems

(Figure 1).

Vuyelwa: The net force will be Fjonx+FLonk, then
you add them. But this one [Fyonk] is to the left so
I expect the answer to be-240 N plus positive 120
N ... then you get your answer [the resultant
force], it is going to be 120 N. I know it is negative,
but we do not have a negative force right? So the
answer (direction of the resultant force) is going to
be ‘repulsion’.

Learners: Repulsion? How is it repulsion?

Vuyelwa: Because it is negative
direction means? Repulsion!

opposite

Learners: Mhm. I do not understand.

Vuyelwa: The direction will be repulsion because
this one (while pointing at J) goes to the...like they
do not come towards the positi... the negative
charge. They go away you see that? Let’s do other
examples you will understand.

Vuyelwa added the forces correctly using the vector
diagram. However, she could not deduce the direction
of the resultant force, associating the negative sign with
repulsion.

When discussing electric fields, she drew a diagram
showing a source charge with several positive test
charges around it to explain the directions of electric

field lines. However, some of her questions and
explanations were not well structured as shown in the
dialogue:

Vuyelwa: How will the electric field look like if I
place a positive test charge there (next to the
positive source charge)? (Silence) It is positive, the
main charge is also positive. How will the electric
field lines look like?

Learner A: Ma’am (madam), I think they will
move apart.

Learner B: They will never touch.

Vuyelwa: But if you are saying that they are
repelling, how do I draw them (field lines)? Here,
here, or here (pointing at random points around
the source charge)?

Learner B: The big one with a line going like down
and the small one with a line going up.

Vuyelwa: We said this one is positive and this one
is positive, so they repel. So, the direction of the
electric field will go that way (she drew an arrow
showing the force on the positive test charge).

The questions did not focus the attention of learners
on the force acting on the positive test charges to indicate
the direction of the electric field. Furthermore, she
mentioned that the electric field ‘go[es] that way’
because of a repulsion without highlighting the role of
the positive test charge. Nevertheless, once the electric
field patterns were developed from the discussion, she
confirmed them using a simulation. Vuyelwa was
allocated a basic (2) score for electrostatic forces and electric
fields for using a representation while involving ‘learners
in the lesson through questions.’

Regarding the electric field strength, after deriving the
formula E = k T%, she explained that the field is stronger

where the field lines are closely packed, i.e., near the
charge. She also used a simulation to show that the
vector diagrams extending from the test charge,
representing the electric field strength decreased with
distance in size, indicating that it was weakening. When
solving problems involving directions of electric fields at
a point, some of her questions were not clear.
Nevertheless, upon realizing some uncertainty from the
learners, she changed to another approach to support
learners. Once the directions of the electric fields were
determined, she represented them wusing vector
diagrams before calculating their magnitudes.
Differently from the case with electrostatic forces,
Vuyelwa used a frame of reference to specify the
directions of electric fields next to their magnitudes, e.g.,
“Ep,x=2.13x10* N.C" to the right.” This enabled learners
to determine the magnitudes and directions of the
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resultant electric field at the reference point. According
to the rubric, a developing (3) score was allocated for
using ‘various representations while explaining
important and difficult concepts.’

Case Study 2-Jabulani

Knowledge and skills related to curricular saliency

Jabulani revisited most pre-concepts for electrostatic
forces to support the discussion of new knowledge. For
example, he used charge interactions to determine
directions of electrostatic forces before representing
them using vector diagrams. Furthermore, he used the
theorem of Pythagoras and trigonometric ratios to
determine magnitudes and directions of resultant forces
in 2D. As such, a developing (3) score was allocated for
‘discussing most of the prescribed ideas” while linking
them “with corresponding pre-concepts.’

Regarding the electric field, he did not revisit the pre-
concepts of magnetic fields as recommended in the
curriculum. Nevertheless, he used the pre-concepts of
charge interactions to explain directions of electric field
lines using a positive test charge. Jabulani’s case also
revealed alternative sequencing when he discussed parts
of the electric field and the electric field strength
interchangeably. For example, after describing an
electric field, he then defined it (E=E/g) and derived the

formula E = kr% before drawing electric field patterns.

During the interview, he explained the rationale behind
his decision, stating that he wanted to draw electric field
patterns that resemble the formula derived earlier.
Indeed, bigger charges had many field lines around
them compared to smaller ones. In this regard, the
sequencing was effective in terms of the electric field,
particularly its patterns. As a result, he was allocated a
developing (3) score for the logical sequence that showed
the ‘interrelatedness of concepts.” However, when
studying the electric field strength, we realized that the
sequencing was also meant to explain the vector nature
of the electric field at a point by examining the formula
E=F/j. Jabulani explained that the electric field strength
is a vector quantity because it is a quotient of a vector (a
force) and a scalar quantity (a charge). We regard this
approach of explaining vectors and scalars as abstract for
learners. Nevertheless, Jabulani used the pre-concept of
electric field patterns to determine directions of electric
fields at a point before superimposing them to obtain
their resultants. As such, a basic (2) score was allocated
because a few concepts were ‘developed from or linked
with corresponding pre-concepts.’

Knowledge and skills related to learners’
understanding of concepts

We observed that Jabulani consistently calculated the
magnitudes of electrostatic forces and electric field strengths
before representing them with vector diagrams. It later
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became evident that this approach was to avoid a
potential challenge. The challenge is that learners may
associate the strengths of forces and fields with distance
only and disregard the effect of the magnitudes of
charges. Jabulani uncovered this difficulty in terms of
forces and indeed learners believed that the charge
closest to the reference charge exerted the strongest force
regardless of its magnitude. Hence, he emphasized that
the magnitudes of forces must be calculated before they
are represented using vector diagrams. Jabulani also
instructed learners not to substitute signs of charges into
Coulomb’s law when calculating electrostatic forces and
proceeded to exclude them when calculating the electric
field strength. He stated adequate reasons for excluding
the signs of charges, arguing that ‘you will be tempted to
say ... uhm ... if you get a negative sign here (a negative
force) you will be tempted to say it’s going to the left.”
Regarding the electric field strength, he also addressed the
challenge of associating the electric field at a position
with a test charge placed at that position (Bohigas &
Periago, 2010). This was observed when he said “the size
of this charge g will not affect the magnitude or the
strength of the electric field at any point because we use

this equation E = k%. Does this equation have q?" He

expanded on this challenge during the interview. He
said:

When they ask them to calculate the electric field
of the bigger charge ... Instead of using the value
for this one (source charge, Q), they use the value
of this one (the test charge, q) when they get to this

formula E = k%.
T

It is documented in the literature that learners often
cannot distinguish between the charge that creates an
electric field and the charge that tests it (Li & Singh,
2017). As such, Jabulani was allocated a developing (3)
score in terms of difficulties associated with the
electrostatic force and electric field strength because he
‘addressed some areas of difficulty while expanding on
the explanations.’

In contrast, when discussing the electric field, Jabulani
made a statement that could encourage one of the
misconceptions documented in the literature when
learners asked if the test charge is always positive. He
responded: ‘it can be a negative one, but it's better to
understand it with a positive one. Just stick to a positive
one.” The misconception is that some learners believe
that all charges, regardless of polarity spontaneously
move in the direction of the electric field (e.g., Bilal &
Erol, 2009). Nevertheless, when drawing electric field
patterns, he emphasized that field lines must neither
touch nor cross, as this is a common challenge
documented in the literature (Taskin & Yavas, 2019).
Jabulani was therefore allocated a basic (2) score for
addressing ‘a few areas of learners’ difficulties.”
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Knowledge and skills related to conceptual teaching
strategies including representations

Jabulani’s teaching strategies were characterized by
questions and explanations while using representations
to support concepts. Regarding electrostatic forces,
Jabulani used subscripts F1 and F» to denote forces on Q>
were exerted by Q1 and Qs for example. When learners
requested that he uses F1 on2and F3 on2, he insisted that
they use F; and F» because “when you get to university it
is [labelled] like that.” Furthermore, he did not specify
directions of the separate forces. Instead, he described
charge interactions, e.g.,” F1=1.8x10-8 N repulsive” which
corresponds with his notation. When superimposing the
forces, he then referred to their vector nature and hence
represented them using vector diagrams drawn in
proportion to their magnitudes after they were
calculated. These diagrams ensured that the directions of
the resultant forces became evident. Directions were
only specified in the resultant force, for example
Fnet=1.2x108N left, arguing that:

Now it is clear that you are talking about one
charge there (the reference charge), that's why
now you can be able to specify whether it is to the
right or to the left instead of attraction here (Fi)
and attraction here (F»).

To emphasize the idea of a resultant force, Jabulani
did a tug of war with one of the learners to try and
demonstrate the effect of the stronger force on the
reference charge. According to the rubric, he was
allocated a developing (3) score.

Regarding the electric field, Jabulani used a
representation when he drew a diagram showing a
source charge (+/-Q) that creates the electric field, a
positive test charge (+4) and direction of the force (F)
acting on the test charge. While referring to the diagram,
Jabulani formulated suitable questions for learners to
determine the directions of forces acting on the test
charge. This discussion explained that electric field lines
point away from a positive and towards a negative
charge. Having mentioned that a test charge can be
negative, he was asked to comment on it. He defended
his answer, stating that he does not want to restrict
learners to think of a positive test charge only but rather
on the principle. This is important in teaching. However,
as he explained in his response, when one uses a
negative test charge, the direction that they will get is the
opposite, which complicates the concept. Based on the
observations made, he was allocated a basic (2) score
mainly because of the inclusion of a negative test charge.

Regarding the electric field strength, the same diagram
used to explain directions of electric field lines was used
to facilitate the derivation of the formula E =k %
Questions were once again used to engage learners with
the content. For example, when solving problems of field
superposition, Jabulani asked learners to indicate the

direction of each field at the point of interest. One such
question involved two positive source charge, Q7 and Q>,
and a point of interest where the resultant electric field
of the two charges had to be determined. The following
dialogue took place:

Jabulani: If you look at that charge Q, at this point
[of interest], is the electric field going to point that
way or that way (pointing to the left and to the
right using his hands)?

Learner A: Sir, to the right because Q is positive
and they will repel, because the test charge is also
positive.

Jabulani: You are correct by saying because Q; is
positive, but do not talk about this one [Q2] (the
learner tried to defend his case but was
overpowered by the raised tone of the teacher),
IGNORE THIS ONE [Q]. So, you cannot talk of
repulsion and everything. Remember, according
to what we've been doing here [electric field
patterns], if you are drawing an electric field
around a positive charge, it will be pointing away.
If Q1 was negative, it was going to be towards
(while drawing a vector to the left) but because it
is positive, it is pointing away.

The learner answered based on the idea that
underpins the directions of electric fields - the direction
of the force acting on a positive test charge. By not
allowing the learner to defend her case, Jabulani may
have suggested that she was mistaken. Nevertheless, he
expanded his strategy used to obtain the directions, by
isolating the source charges and drawing their electric
field patterns while showing the point of interest. He
then focused the attention of learners to the electric field
line that passes through the point of interest as it
indicates the desired direction of the electric field at that
point. Once the directions were determined, Jabulani
represented the electric fields using vector diagrams
which he reconstructed relative to their magnitudes once
they had been calculated. Similar to electrostatic forces,
Jabulani did not specify the directions of the electric
fields at a point in writing, which prompted one learner
to ask ‘Sir, so direction for E; repulsion or away?’ to
which he responded, ‘at this point we are doing
calculations so do not worry too much about indicating
the direction.” We believe that specifying directions of
separate forces and fields makes the connection with the
resultants easy to follow. Based on the observations,
Jabulani’s competence was basic (2) because he ‘seldom
involved learners in the lesson” as shown in his
interaction with learner A.
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Case Study 3-Merriam

Knowledge and skills related to curricular saliency

Our observation revealed a noticeable contrast in
Merriam’s presentation of the big ideas, as well as her
explanations of the interrelatedness between concepts.
In terms of electrostatic forces, Coulomb’s law was related
with Newton’s law of universal gravitation, focusing
explicitly on their similarities and differences.
Furthermore, she used the pre-concepts of charge
interactions to determine directions of electrostatic
forces. In addition, problems involving resultant forces
in a straight line and in 2D were solved with the
application of previously learnt skills, for example the
theorem of Pythagoras and trigonometric ratios to
determine and represent magnitudes and directions of
resultant forces in 2D. As such, a developing (3) score
was allocated for ‘discussing most of the prescribed
ideas” while linking them ‘with corresponding pre-
concepts.’

In contrast, many aspects of the electric field and the
electric field strength were not discussed. Regarding the
electric field, Merriam referred learners to the pre-concept
of magnetism as recommended in the curriculum.
However, she regarded the two fields as being identical,
with her opening statement being ‘I know we have all
seen the electric fields...the field lines around a bar
magnet.” We initially believed this was an oversight.
However, when listing pre-concepts for the topic of
electrostatics during the interview, she included
‘charges, a positive and a negative charge around a
magnet.” This indicates that she did not distinguish
between charges and magnets, a misunderstanding that
is documented in the literature (Hekkenberg et al., 2015).
Merriam also did not discuss the role of a positive test
charge in determining directions of electric field lines;
she merely stated that electric field lines point away from
a positive charge and towards a negative one. When
asked about the exclusion of the positive test charge, she
replied:

We are following the ATP (annual teaching plan)
and the work schedule, which guides us what
needs to be taught and what should be excluded.
So, before we start with electric fields, you already
know that learners must know definition of an
electric field, learners must know what a test
charge is.

In this regard she revealed a restricted understanding
of the curriculum which makes it explicit that the
concept of electric field is discussed for the first time in
grade 11 (DoBE, 2011). Regarding the electric field
strength, she only solved example problems that
involved electric fields set up by isolated charges, using
E=F/qg or E = kTQ—Z. Furthermore, she did not include

directions of electric field strengths in her calculations,
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focusing solely on the magnitudes. The idea of field
superposition was also not discussed at all, which is
seemingly because it demands the directions of electric
fields, an idea that Merriam neglected. Based on our
observations and the scoring rubric, Merriam was
allocated a limited (1) score for both the electric field and
the electric field strength, mostly for not discussing many
of the “ideas that are prescribed in the curriculum.’

Knowledge and skills related to learners’
understanding of concepts

We observed that Merriam addressed a single area of
difficulty in each big idea although several opportunities
for addressing other challenges presented themselves.
Regarding electrostatic forces and electric field strengths,
she emphasized that signs of charges must be excluded
in calculations because they indicated the polarity of
charges. In terms of electric fields, she emphasized that
electric field lines neither touch nor cross, which is a
typical challenge that learners face (Taskin & Yavas,
2019). Regarding missed opportunities, an explicit
opportunity emerged when solving problems involving
resultant electrostatic forces in 2D. Merriam drew the
vector diagram showing the resultant force and placed
an angle ¢ at the origin between the resultant and the
vertical force. She then asked learners to identify a
suitable trigonometric function to calculate the angle.
When learners answered incorrectly, she moved 6 and
placed it between the resultant and the horizontal force
to corresponded with the learners’ responses. This was
an opportunity for her to engage with learners’
understanding of trigonometric ratios. She also missed
other opportunities to engage with difficult concepts.
For example, instead of elaborating on the concept of
electric field strength, she simply provided a few
statements:

A strong electric field exert a stronger force than a
weak one does. If we know the electric field
strength or the intensity, then we can calculate the
force on any charge placed in the field ... A unit
charge is a charge on one coulomb, q Is a charge
placed at a point in the field, it is not the source of
the field.

These statements could have been clarified to explain
the roles of the source and positive test charge and to
emphasize that the test charge does not influence the
electric field. Merriam was allocated a basic (2) score
across the three big ideas for addressing ‘a few areas of
learners” difficulties.”

Knowledge and skills related to conceptual teaching
strategies including representations

When teaching electrostatic  forces, Merriam
formulated  suitable questions and  provided
explanations in various instances. For example, to
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P '/

+ test charge
is repelled

+ test charge
is attracted

Figure 2. A diagram suitable for the electric field and
electric field strength (Broster et al., 2012)

determine directions of electrostatic forces exerted on a
charge Q> by other charges, Q1 and Q;, she asked” ... the
force between Q; and Qj, is it attraction of repulsion?
[learners; attraction]. In which direction will the force
face?” Once the directions were determined, she
represented the forces using a vector diagram that she
labelled adequately and specified the directions in
writing, e.g.,'Fo1 on 2=5%105N to the left’. However, she
also missed opportunities to address learners’
challenges, for example in the case described above
where she simply changed an angle in a diagram instead
of engaging the learners on a conceptual level.
Consequently, she was allocated a basic (2) score.

Regarding the electric field and the electric field
strength, Marriam’s conceptual teaching strategies were
restricted. She read concepts as they are stated in the
electronic textbook that she projected on the smart board
without pausing for questions, explanations and/or
clarifications. She also omitted key aspects of the big
ideas, as indicated in the discussion of curricular
saliency. For example, while paging through the
electronic book, a representation suitable for aspects of
the electric field and its strength appeared on the screen
(Figure 2).

Figure 2 is suitable for explaining the directions of
electric field lines using a positive test charge in the big
idea of the electric field and for deriving the formula for

the electric field strength at a point, E = k % However, she
r

ignored the representation and continued reading.
Merriam also displayed a class activity on the screen and
instructed learners to omit the first question about a
positive test charge and its role in electric fields. Later,
learners asked her what was meant by a test charge and
to explain the directions of electric fields. She responded
to the questions, as follows:

[Positive test charge]: It's a small charge that is
used to determine the magnitude of the charge
that is placed there (the source charge). It is used
like the controlled variable in an experiment.

[Directions of electric field lines]: Remember an
electric field is where your charge placed at one
point will move. It's the direction where your
charge will move. If I'm placing a negative charge

here, and it's a negative charge, they say the
electric field goes ... meaning the force that the
charge is experiencing is towards the negative
sign. If it's positive, then the electric field will
move that direction (she used her hands to point
away depicting the direction of the electric field
around a positive charge).

These responses indicate poor understanding of the
concepts of an electric field, having referred to ‘a small
charge’ and describing the direction of the electric field
as ‘where your charge will move.” During the interview,
she was asked about her explanation of the direction of
an electric field, to which she responded, ‘this one
requires me to refer again. It’s been a while since I moved
past electric fields and my mind has forgotten about
them. I'm currently busy with chemistry.” This is an
indication of a lack of content knowledge. As a
consequence of lacking content knowledge, her
problem-solving strategy regarding the electric field
strength promoted algorithms rather than conceptual
understanding. She used problems that were given as
examples in the textbook, restricting them to isolated
charges. Furthermore, she did not draw any diagrams to
represent fields. All she did was write the formula,
substitute the given quantities to calculate the unknown.
Based on these observations, Merriam was allocated a
limited (1) score for teaching strategies regarding the
electric field and the electric field strength because they
lacked the ‘use of representations and focus on
important and difficult concepts.’

Case Study 4-Patrick

Knowledge and skills related to curricular saliency

Patrick revisited the concepts of electrostatics that are
taught at grade 10 which could serve as prior knowledge
for all three big ideas. Regarding electrostatic forces, he
revisited pre-concepts of forces including the theorem of
Pythagoras and trigonometric ratios. He also related
Coulomb’s law and Newton’s law of universal
gravitation by outlining their similarities and
differences. Furthermore, the pre-concepts of charge
interactions were used to determine the directions of
forces before they were represented using vector
diagrams. As such, a developing (3) score was allocated
for ‘discussing most of the prescribed ideas’ while
linking them ‘with corresponding pre-concepts.’
Regarding electric fields, he did not revisit the pre-concept
of magnetic fields as prescribed in the curriculum.
Nevertheless, he explained directions of electric field
lines using the pre-concept of charge interactions.
Regarding the electric field strength, Patrick did not
show the link between forces and fields beyond just
stating the idea of force per unit charge as he did not

derive the formula E = kr%. Nevertheless, he
determined directions of electric fields at a point using
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the pre-concept of a positive test charge. Patrick was
therefore allocated a basic (2) score for electric fields and
electric field strength because a few concepts were
‘developed from or linked with corresponding pre-
concepts.’

Knowledge and skills related to learners’
understanding of concepts

Generally, Patrick presented concepts without
paying attention to challenges. When calculating
magnitudes of electrostatic forces and electric field
strengths, he excluded signs of charges. However, the
reasons for the exclusion were underspecified, stating
that “‘when you perform your calculations you omit the
negative because it tells us about the direction.” Patrick
also emphasized that learners must not confuse

Coulomb’s law and the formula E = kTQ—2 when

calculating magnitudes of forces and fields. These
represent ‘few areas of learners’ difficulties’ in
electrostatic forces and electric field strength which resulted
in a basic (2) score. In contrast, regarding the electric field,
Patrick was allocated a limited (1) score because he did
not facilitate ‘discussions that uncover learners’
understanding of concepts and difficulties.”

Knowledge and skills related to conceptual teaching
strategies including representations

Patrick’s strategies were characterized by questions
and explanations while wusing representations.
Generally, he formulated questions that required
learners to study charge interactions to determine
directions of electrostatic forces and electric fields using
a positive test charge. For example, regarding electrostatic
forces, he asked’ ... do you agree with me that A will pull
B? Remember a force is a pull or a push. Pull is an
attraction, right? In which direction does it pull it, left or
right?” Regarding the directions of electric fields, he
asked’ ... the direction of the electric field is the direction
of the force [on a positive test charge] ... what is the
nature of the force between this charge [the source
charge] and the test charge?” However, his strategies did
not pay attention to addressing difficult concepts.
Despite excluding signs of charges, he did not explain
the reasoning behind, which resulted in the following
dialogue in terms of electrostatic forces.

Learner A: Why does not the answer have a
negative sign?

Patrick: By the way negative and positive tell us
about what?

Learners: Direction.

Patrick: They tell us about the nature of the force,
so it means the force is attraction. We have
accounted for that negative sign.
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Patrick missed an opportunity to rephrase the
question, seeing that learners thought of the signs in
terms of direction. Once the directions of forces and
fields were determined, he represented them using
vector diagrams constructed in proportion to the
anticipated magnitudes. In this regard, Patrick focused
on distance only, disregarding the effect of charge
magnitudes. Thus, the electrostatic force and the electric
field strength of the charge closest to the reference charge
and point of interest were represented using longer
vector diagrams. It is not always the case that the closest
charge will have the greater effect, because the size of the
charge also counts. Nevertheless, the vectors were
labelled adequately, for example Fa on 3= and Eq1 on p.
Furthermore, the directions were specified next to their
magnitudes and used alongside a reference frame when
determining magnitudes and directions of resultant
forces and fields. According to the rubric, Patrick was
allocated a basic (2) score across the big ideas for using
‘representation while explaining a few important and
difficult concepts.’

DISCUSSION

RCM allows the possibility that PCK may have a
concept specific nature in addition to discipline and
topic specific grainsizes (Carlson & Daehler, 2019; Veal
& MaKinster, 1999). The results of the present study,
summarized in Table 1, indicate that the scores allocated
for teachers” dynamic PCK indeed varied across the big
ideas of electrostatics. The present results therefore
support findings of an earlier study that focused on static
PCK (Mazibe et al., 2020). In particular, the results
suggest that enacted PCK also varies across fundamental
concepts of topics, not necessarily electrostatics.
Furthermore, they provide empirical evidence that
supports the speculation made in the literature about the
concept specific nature of PCK.

The variations in PCK appear to be related to the
nature of the concepts and teachers’ content knowledge
in each. Three of the teachers obtained the highest score
in the concept of the electrostatic force. This may be related
to the nature of the concepts, as the electrostatic force has
a wide base of prior knowledge, including vectors,
Newton’s laws, gravitational forces as well as repulsion
and attraction between charged objects. In contrast, the
concepts of electric fields and electric field strength build on
a relatively small body of prior knowledge found in the
topics of magnetic field lines and vector addition. The
similarity with the gravitational field is not often
recognized as the curriculum does not emphasize the
field aspect of gravity. Instead, it focuses on gravitational
forces which are related to electrostatic forces. This
variation of the nature and presentation of concepts in
the curriculum was also evident in the practice of the
teachers. In terms curricular saliency, the teachers
predominantly utilized the wide range of pre-concepts
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associated with electrostatic forces. In contrast, little prior
knowledge is associated with the field concept, which
contributes to a limited conceptual foundation on which
to build the concept of electric fields. This may explain the
poorer PCK scores for the concepts.

Still on the nature of concepts, electrostatic forces and
electric field strength are predominantly quantitative
while the electric field is a qualitative concept. As such,
the presentations of the concepts of forces and field
strengths predominantly showed similarities in terms of
algorithms. For example, Jabulani and Patrick drew
vector diagrams for forces and fields in proportion to
their magnitudes. Jabulani constructed the diagrams
after calculating their magnitudes while Patrick inferred
them from their relationship with distance. Furthermore,
while Patrick generally did not pay attention to
difficulties across the concepts, the fact that forces and
fields had to be calculated prompted him to address the
challenge associated with confusing signs of charges
with vectors. However, as there are no calculations in the
concept of an electric field, challenges were neither
uncovered nor addressed.

In terms of teachers’ content knowledge, it is
documented that electric fields and their strengths are
often difficult for learners compared to electric forces
(Garza & Zavala, 2013), which was also the case for
Merriam. When teachers lack content knowledge, they
tend to exhibit negative emotions, for example lack of
confidence in terms of teaching the corresponding
concepts (Melo et al., 2017; Park & Oliver, 2008). As such,
they either exclude the corresponding concepts in their
lessons or discuss them superficially by asking lower
order questions while promoting algorithms rather than
conceptual understanding (Childs & McNicholl, 2007;
Rollnick et al., 2008). This can explain why Merriam
excluded various aspects of electric fields. Also, due to a
lack of content knowledge, Vuyelwa was not able to
explain how repulsive and attractive forces amongst two
different pairs of charges should be considered in order
to determine the direction the resultant force on the
central charge.

Although the study did not set out to compare PCK
of the participating teachers, the results are intriguing as
the pre-service teachers tended to outperform the
experienced in-service teachers. Literature points out
that PCK develops with experience (e.g., Kind, 2009)
while acknowledging content knowledge as its pre-
requisite (e.g., Rollnick et al., 2008). The in-service
teachers” lower PCK scores could be explained by a
combination of factors. For Merriam, the low PCK score
can be ascribed to a lack of content knowledge. For
Patrick on the other hand, PCK was largely restricted
because he focused on the concepts that are examined.
Furthermore, both in-service teachers had a strong
chemistry background compared to physics according to
their qualifications. As electrostatics is a physics topic,
the teachers were probably less confident in teaching it.

However, these are only speculations and highlight
research opportunities for investigating the knowledge
and practice of physical sciences teachers with either a
physics or chemistry background in various topics of the
subject.

CONCLUSIONS

The purpose of the present study was to compare
teachers” dynamic PCK across fundamental concepts of
electrostatics and to explain any variations. The results
of the study have shown variations in the enactment of
PCK. The variations appeared to have been related to the
nature of the concepts, as well as teachers’ content
knowledge in each concept. While it is often desirable to
describe teachers’ overall PCK, the findings highlight the
importance of considering variations in smaller
grainsizes of PCK. For example, studying PCK at the
concept grainsize can reveal teachers’ strengths and
weaknesses regarding specific concepts, which could
serve as guidance in terms of designing pre-service
teacher education and in-service teacher professional
development approaches. The results have also shown
the importance of developing teachers’ content
knowledge of every single concept that is relevant to the
topic of interest following the evidence that when the
content knowledge is lacking, PCK needed for teaching
the concept gets compromised. Furthermore, when
studying PCK in relation to other aspects of teaching and
learning, for example teachers” emotions (Melo et al,,
2017) and evidence of learning (Mazibe, 2020), it is
reasonable to consider specific concepts for a more
intimate indication of the relationships. If the concept-
specific nature of PCK is to be theorized, then the
starting point would be in studying variations in
teachers” PCK about big ideas of a topic. This would
enable researchers to explore features of PCK that are
unique to concepts but not evident at topic level. In terms
of future research, Vuyelwa’s case has indicated the need
to study classroom discourse in relation to how teachers
enact PCK across the fundamental concepts of a topic.

We emphasize that these results should be
considered with caution given the limitations of the
research. While a small sample was necessary to allow
for an in-depth analysis of PCK, the results of a case
study should not be generalized. Results also show that
variations in PCK at concept level already exist at pre-
service teacher level. Therefore, teacher training
programs should ensure that different concepts within a
topic are addressed not only to understand the concepts
but also how to transform concepts within a topic for
instruction.
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APPENDIX A
Table A. The rubric used to assess and quantify enacted PCK in each big idea on a four-point scale

Limited (1) Basic (2) Developing (3) Exemplary (4)

e The teacher does not o The teacher discusses only e The teacher discusses moste The teacher discusses all
discuss ideas that are a few ideas prescribed in  of the prescribed ideas. ideas prescribed in the
prescribed in the the curriculum. e Most of the concepts are  curriculum.
curriculum. e A few of the new concepts developed from or linked e The new concepts are

& e The new concepts are not  are developed from or with corresponding pre-  developed from or linked

_§ developed from or linked  linked with corresponding concepts. with corresponding pre-

s with corresponding pre- pre-concepts. e The sequencing of concepts.

g concepts. e The sequencing of concepts is logical, and the ¢ The sequencing of

5 e The sequencing of concepts is illogical, and interrelatedness of concepts is logical, and the

;’5: concepts is illogical, and the interrelatedness of concepts is often interrelatedness of the

O the interrelatedness of the concepts is seldom explained. concepts is explained.
concepts is not explained.  explained. ¢ The relevance of the e The relevance of the

¢ The relevance of the ¢ The relevance of the concepts involve concepts reveal
concepts is not explicit. concepts does not support scaffolding towards scaffolding towards

conceptual understanding. generic concepts. specific concepts.
- e No facilitation of e Discussions that uncover e The teacher facilitates e The teacher facilitates
ooo discussions that uncover  learners’ understanding of cognitive discussions that cognitive discussions that
£ learners” understanding of concepts and difficulties ~ uncover learners’ uncover learners’
g concepts and difficulties.  are seldom facilitated. understanding of some understanding of concepts
‘g @ ® The teacher makes no e A few areas of learners’ concepts and difficulties.  and difficulties.
L & effort to help learners difficulties are addressed. e The teacher addresses e The teacher addresses
g % understand difficult o The teacher’s attempts to  some areas of difficulty most areas of difficulty,
<~ © concepts. explain difficult concepts ~ while expanding on starting from gatekeeping
% by providing standardized explanations. concepts and expands on
é phrases, e.g., “the field explanations.
4 line points away from a

positive charge.”
Questions are not used to e The strategies seldom

The strategies sufficiently e The strategies

o0 involve learners, making  involve learners in the involve learners in the appropriately involve

5 the lessons completely lesson through questions.  lesson through questions.  learners in the lesson

% teacher centered. ¢ Explanations are seldom e Explanations are through questions.

E ¢ Explanations are absent. provided. sufficiently provided. ¢ Explanations are

'%'Jo » ¢ The strategies support e The strategies tend to o The strategies sufficiently — appropriately provided.
.;g 5 algorithms rather than support algorithms rather support conceptual e The strategies

£ g conceptual understanding. than conceptual understanding while appropriately support

oo § e The strategies lack the use understanding. encouraging algorithms conceptual understanding
'E @ of representations and o The strategies include the =~ where necessary. while encouraging

§ @* focus on important and use of a representation e The strategies include the  algorithms where

"_; difficult concepts. while explaining a few use of various necessary.

B important and difficult representations while o The strategies include the
@” concepts. explaining important and  use of various powerful
& difficult concepts. representations while

)

explaining important and
difficult concepts.
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