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Research paper

The problem of scale in the
interpretation of pictorial
representations of cell structure
Barend Vlaardingerbroeka, Neil Taylor b and Colin Baleb

aDepartment of Education, American University of Beirut, Beirut, Lebanon; bSchool of Education,
University of New England, Armidale, Australia

Diagrams feature prominently in science education, and there has been an increase in research focusing on

students’ use of them in knowledge construction. This paper reports on an investigation into first year

university students’ perceptions of scale and size at the cellular level. It was found that many students appeared

to tacitly assume that textbook diagrams presented cellular components in true relative size, leading to

widespread interpretative problems with regard to scale and absolute size. The paper includes recommendations

for textbook designers and classroom practitioners.
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Introduction
Diagrams are visual representations commonly used

in science. They are external representations in

which spatial relations in the picture are interpreted

and thus convey content. Biologists seek to charac-

terise phenomena in nature and to discover the

mechanisms responsible for them. Diagrams are

essential tools for biologists as they put forward, eval-

uate and revise their accounts of phenomena and

mechanisms. They play a central role in biology

because they are highly suited to two key tasks:

displaying phenomena at various levels of detail, and

constructing mechanistic explanations for those

phenomena (Sheredos et al. 2012).

The role of models and of visualisation in science

and science education has risen in practical and

theoretical prominence over the past few decades

(Pylyshyn 2003; Gilbert 2005). Images, diagrams and

other vehicles for visualisation are playing increas-

ingly important roles in life science teaching and

research, both for conveying information and as con-

ceptual tools, transforming the way we think about

events and processes (Rundgren and Tibell 2010;

Topsakal and Oversby 2013). Certain types of visual-

isation can enhance or even replace verbal or textual

explanations of particular scientific concepts (eg

Mayer and Anderson 1991). Jones and Wolkenhauer

(2011) argue that what makes diagrams integral and

indispensible for explanation and model construction

is their nature as locality aids: they group together

information that is to be used together in a way that

other representations do not. There appears to be

general agreement in the educational community that

the use of diagrams and visualisation is an effective

teaching strategy (Vavra et al. 2011).

Among the most common diagrams used in biol-

ogy are schematic drawings. These are non-replete

compared with non-diagrammatic visual representa-

tions such as photographs. They provide ways to

communicate about generic properties while not

asserting that those properties are necessarily present

in a particular way; the teaching and learning of biol-

ogy frequently involve communications about types

of things that vary in their details, although they are

the same in terms of generic properties (Perini

2012). Biologists and biology educators face this issue

when communicating about any sort of biological

structure, from organelles to whole organisms. ‘Real’

images such as photographs and electron micrographs

convey detailed content about the properties of the

particular individual structure pictured in the figure,
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whereas schematic drawings convey information

about a broad category by conveying content about

properties that all or most of its members share,

while often remaining silent about the detailed prop-

erties that vary among the members. Compared with

the other types of diagrams, schematic drawings lack

capacity for precision, but this form of representation

is nevertheless well suited to convey information that

generalises about objects that differ in terms of speci-

ficities, but share ‘higher order’ (ie definitive for that

category) features.

Several studies provide insight into the characteris-

tics of students who benefit from specific visualisa-

tions and the effect of visualisation on student

performance in science. For example, Huk (2006)

studied the educational value of three-dimensional

(3D) visualisations in cell biology using a CD-ROM

with 106 German biology students in high school and

college. The inclusion of complex 3D models of plant

and animal cells most benefited students with high

spatial visualisation ability by supporting the recall of

auditory and visually presented information. How-

ever, the 3D model resulted in cognitive overload for

students with low spatial visualisation ability. The

finding was similar to that of Wu and Shah (2004),

who showed that highly developed visuospatial ability

is a prerequisite for understanding in science.

Although there are studies that show that students

who used integrated (diagram-based with text) expla-

nations are better able to understand concepts (eg

Butcher 2006; Davenport, Klahr, and Koedinger

2007), applied research in education has identified

that diagrams can also create problems (Uesaka and

Manalo 2007). Most biology books include more

words than diagrams, and students may try to learn

biology mainly from the text with little recourse to

the diagrams. Conversely, they may focus on given

diagrams with a view to memorisation rather than as

conceptual aids. In examinations, students are often

asked to use diagrams, for example by being asked to

label them, instead of producing diagrams. Topsakal

and Oversby (2011) discuss diagram making versus

diagram interpretation as part of the science curricu-

lum. There is the usual tension between the empha-

ses on learning basic facts and on learning scientific

procedures, exemplified in this instance as diagram

making and diagram interpretation.

The aspect of visualisation that this paper focuses

on is scale in the interpretation of pictorial representa-

tions of cell structure. Cell structure is one of a num-

ber of conceptually demanding topics in secondary

school biology that requires cognitive engagement at

the formal operational level (Lazarowitz and Penso

1992). However, many students cope by developing

anthropomorphic conceptual models (Flores, Tovar,

and Gallegos 2003) and one of the teaching strategies

encountered in biology classrooms is the use of sim-

plistic pictorial analogies such as the cell as a factory

with the membrane representing the outer perimeter

fence, the nucleus as the administrative centre, and so

on (Bean, Singer, and Cowan 1985; Bean et al.

1990). This approach is highly questionable in the

light of the issue of scales of magnification used to

build up visual images of cells. Having a strong

conceptualisation of scale and the relationships

between scales is essential in being a scientifically

literate consumer of information (Tretter et al. 2006).

The American Association for the Advancement of

Science (AAAS) Project 2061 and the Benchmarks

for Science Literacy have both identified size and

scale as a fundamental and a unifying theme in

science education (AAAS 1993). Being able to under-

stand scale and the relationships between scales is

important in being able to understand a range of

other concepts across disciplines and in everyday life,

for example, the metric system or the national deficit.

Unfortunately, people consistently have trouble

understanding and comparing values of very small or

large magnitude (eg Jones et al. 2008; Libarkin et al.

2005; Tretter et al. 2006; Swarat et al. 2010). Under-

graduate students, even those in science, technology,

engineering and mathematics (STEM) majors, may

have difficulty mastering concepts of size and scale

(Drane et al. 2008). The problem of size and scale has

been described as a critical barrier to learning and

higher level understanding (Hawkins 1978). While

people are more accurate at ranking relative sizes,

they struggle with assigning, comprehending and

comparing absolute sizes, especially at extreme scales

(Jones et al. 2008; Tretter et al. 2006). The ‘nano’

level is particularly problematic, and there may be a

dissonance between factual knowledge of the scales

and a conceptual understanding of phenomena at that

level (Castellini et al. 2007). Delgado et al. (2007)

studied the linking of relative and absolute sizing tasks

to allow a direct comparison. Their findings indicated

that most middle-school students, and many senior

high-school students, have poorly internally con-

nected conceptions of size. For instance, they do not

link quantitative relative and absolute sizes: a student

may state that a red blood cell is 1,000 times smaller

than a pinhead, but then say that the cell’s size is

0.1mm (rather than 1/1,000mm or 0.001mm) or

1mm, as would follow from the first estimation. In

one study, Flores, Tovar, and Gallegos (2003) found

that many school students believed the size of cells to

be of the same order of magnitude as the size of

molecules and atoms.

Storey (1990) identified errors and oversimplifica-

tions that are often exhibited by textbooks used in

science education, including misleading stylised pic-

torial representations of cellular structures. A cursory

perusal of biology textbooks used at the secondary

school and lower tertiary levels reveals that a

common practice of textbook diagram drawers is the

inclusion of all cellular structures as though these
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were all visible at the level of magnification

associated with optical microscopy. Thus, we com-

monly see mitochondria represented as being only

slightly smaller than nuclei, and structures such as

ribosomes and centrioles included as though these

were visible at the level of magnification implied.

While there are usually allusions to the orders of

magnitude that separate the various cellular compo-

nents, the question arises whether students build up

their conceptual images of cellular structure based on

this textual material or on the pictures before them.

This paper presents an exploratory study of a sam-

ple of first year university biology students’ concep-

tions of scale at the cellular level with special

reference to the kinds of pictorial representation –

diagrams and photomicrographs – that one com-

monly encounters in high-school science textbooks.

The study sought to gauge students’ ability to bring

scale to bear on their visual conception of cell struc-

ture in the context of microscope technology. Spe-

cific foci were the ability of students to predict what

structures would or would not be visible at given

and implied magnifications, and their awareness of

the scope and limitations of microscopy.

Methodology
The instrument

A ten-item instrument was devised by the authors.

The items are reproduced in the Results section,

below. Five of these included pictorial content

adapted from textbook sources. Two items (1 and 5)

asked students what they expect to see under an

optical microscope at a given magnification (no

accompanying diagram), while another two (Items 2

and 4) asked respondents to identify structures that

will not be visible at a level of magnification implied

by an accompanying diagram. These four items

allowed for multiple responses, scoring guides for

which are presented in the next section. All other

items had only one correct answer and were scored

0 or 1. One question (Item 3) asked students to pre-

dict the size of a cell relative to the field of view of

an optical microscope, while another (Item 6) asked

them about the visibility or otherwise of the plasma

membrane. Two items (7 and 8) tested students’

awareness of size and scale in optical microscopy

with reference to the units used and the highest fea-

sible magnification by order of magnitude, while the

last two items (9 and 10) probed students’ awareness

of the magnifications invoked by electron micro-

graphs (referred to as ‘photomicrographs’ in the

questions in order to not give any clue). The instru-

ment was validated by two independent university

biology academics in the UK and Lebanon (see

Acknowledgements).

The validity of the instrument was gauged by

comparing the mean for students who had taken

Biology in Year 12 with those who had not. For the

majority of students who did not study Biology in

Year 12, their last exposure to cell biology would

have been in Year 10. The New South Wales

(NSW) science syllabus specifies that students at that

level should be able to identify the nucleus, cyto-

plasm, cell membrane, cell wall and chloroplasts

(Board of Studies NSW 2012). Microscopes used in

junior science typically have no mechanical stage, no

oil immersion lens and no illuminator adjustments

other than intensity. Students do not spend a lot of

time viewing objects directly and are more likely to

prepare diagrams from texts (or electronic sources)

than from direct observations. The junior science

experience of microscopy is unlikely to be helpful

with regard to understandings of scale. In Year 12

Biology, students turn their attention to cell ultra-

structure (for NSW, see Board of Studies NSW

2009, 16, 26) and are given more exposure to

microscopy, usually with better microscopes and

more refined techniques. A significant difference in

mean scores between the two groups in favour of

the Year 12 Biology group was accordingly

expected.

The sample

The instrument was administered to about 290 first

year biology students at the University of New

England before the start of lectures. This course is

undertaken, usually in the first year of university

study, by students in a variety of programmes includ-

ing Pharmacy and Agriculture as well as by students

embarking on a BSc in Biology. Participation was

both voluntary and anonymous. Participants were,

however, asked about their high-school background

as well as indicating their gender and their target

degree major.

Results
Received sample

A very small number of papers (fewer than ten) were

removed from the pool because most items had not

been answered; papers where up to four items had

been left unanswered were retained. This gave a sam-

ple of 281 students, 57% of whom were female. About

90% of these were students who had attended high

schools following the NSW curriculum and examina-

tion system, while the remainder comprised interstate

(mainly Queensland), International Baccalaureate and

overseas students. Most (about 65%) were intending

bioscience majors (Agriculture, Zoology, Animal

Science, Environmental Science, Biomedical). Almost

half of the students (47%) indicated that they had

completed their high schooling the previous year,

while 29% had completed it in 2010. Almost three-

quarters (72%) had studied the subject Biology in their
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terminating school year, often in conjunction with

other sciences (Chemistry and/or Physics and/or

Earth and Environmental Science and/or Agriculture

and/or Senior Science in the case of NSW), with

22% of the sample having studied a science or sciences

without Biology. Relatively small numbers (<6%)

had not studied any sciences in their last year at

school.

Test statistics

The mean score was 5.18/12.5 (42%) with a standard

deviation of 1.90 (15%). The mean for students who

had studied Year 12 Biology was 5.43, which was

significantly higher than the mean of 4.58 for stu-

dents who had not (t=3.41, p<0.001). The score

difference between the two groups provides a mea-

sure of construct validity for the instrument. As dis-

cussed earlier, students who undertake upper

secondary Biology have been exposed to a more

advanced treatment of cell structure than students at

the lower secondary level, including an introduction

to electron microscopy; the better performance of

the upper secondary Biology group was accordingly

unsurprising.

Item analysis

Note that in the reproductions below, correct

responses are indicated with an asterisk. A scoring

guide and mean item scores are presented for

items that involved or allowed for more than one

answer. Mark allocations were not shown on the test

paper.

Item 1 A student is looking at a specimen of stained

leaf tissue through a school microscope at a magnifi-

cation of �150 (eyepiece: �10; objective lens: �15).

Tick the structures that she may be able to make

out.

h Nucleus

h Chloroplasts

h Mitochondria

h Cell wall

h Ribosomes

h Vacuole

h Golgi bodies

h Endoplasmic reticulum

Scoring: 0.5 for each correct selection; penalty of 0.5 for

each incorrect selection with a minimum item score of zero.

Response frequencies

Nucleus⁄ n = 213 (76% of respondents)

Chloroplasts⁄ 119 (42%)

Mitochondria 48 (17%)

Cell wall⁄ 247 (88%)

Ribosomes 25 (9%)

Vacuole⁄ 138 (49%)

Golgi bodies 32 (11%)

Endoplasmic reticulum 32 (11%)

Mean item score: 1.06/2

It will be observed that selection frequencies for

the various structures correspond to their relative

sizes. The cell wall and nucleus are indeed clearly vis-

ible through a school microscope, as are the vacuole

and chloroplasts, although the rating for these organ-

elles was rather low. It may not be irrelevant to note

that a classic school cell biology practical involves

looking at onion epidermis (which, of course, does

not contain chloroplasts, while the vacuole often does

not show up well either). It is disconcerting to note

that about one in ten students believed that the

endoplasmic reticulum, Golgi bodies and ribosomes

would be visible at the low magnification stated.

Item 2 Consider this diagram of a plant cell:

Tick the structures which would not be visible at the level of

magnification implied by the diagram.

h A

h B

h C

h D

h E

h F

h G

h H

h All these structures are visible at the level of magnification

implied.

Scoring: 0.5 for each correct selection; penalty of 0.5 for each

inappropriate selection with a minimum item score of zero; automatic

zero if ‘All structures visible’ option selected. Note that the selection

of item D was not penalised as the mitochondria may be visible as

tiny specks using an appropriate stain.
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Response frequencies:

Structure A (Cell wall) n = 14 (5%)

B (Nucleus) 26 (9%)

C (Chloroplast) 68 (24%)

D (Mitochondrion) 80 (28%)

E (Ribosomes)⁄ 201 (72%)

F (Endoplasmic reticulum)⁄ 136 (48%)

G (Golgi bodies)⁄ 134 (48%)

H (Vacuole) 4 (1%)

All structures visible 21 (7%)

Mean item score: 0.67/1.5

Again, there was a fair correlation between selec-

tion rates and the relative sizes of structures,

although the ratings for mitochondria and chloro-

plasts were very similar this time. We suspect that

this is directly attributable to the tendency for many

textbook diagrams to represent these structures as

being of comparable size (as they are here),

although in reality mitochondria are significantly

smaller. Overall, responses to this item suggest that

many students believe that the sizes of structures as

drawn in diagrams represent their true relative

dimensions. This observation is reinforced by the

level of inverse correspondence between Questions

1 and 2.

Item 3 How large would a human cheek cell appear

through a school microscope at a magnification of

�600 (high power)? (Tick one answer)

h A It would fill the whole field of view.

h B It would take up about half the field of view.

h C It would take up a very small part of the field of view.

h D It would not be visible at all.

Response frequencies:

Option A n = 102 (36%)

B 127 (45%)

C⁄ 45 (16%)

D 6 (2%)

Not answered 1 (0%)

This disappointing response pattern suggests that

most students think animal cells are much bigger

than they actually are. It also reminds one of another

classic school biology practical – looking at human

cheek cells – and leaves one wondering what stu-

dents ‘see’ when peering down the microscope tube!

Some school texts show cheek cells at the level of

detail inherent in options A and B; students are

probably more influenced by these diagrams than by

what they actually view.

Item 4 Consider this diagram of an animal cell:

(a) (b)

(c) (d)

Tick the structures which would not be visible at the level of

magnification implied by the diagram.

h A

h B

h C

h D

h E

h All these structures are visible at the level of magnification

implied.

Scoring: 0.5 for each correct selection; penalty of 1 for option with

minimum item score of zero; automatic zero if ‘All structures visible’

option selected.

158 B. VLAARDINGERBROEK ET AL. __________________________________________________________________________________



Response frequencies:

Structure A (Nucleus) n = 46 (16%)

B (Mitochondrion)⁄ 52 (19%)

C (Ribosomes)⁄ 198 (70%)

D (Endoplasmic

reticulum)⁄
83 (30%)

E (Golgi bodies)⁄ 68 (24%)

All structures visible 48 (17%)

Mean item score: 0.63/2

This item likewise suggests that most students do not

realise how small animal cells generally are compared

with plant cells, although there does appear to be a reali-

sation that they are smaller – a fact implied by many

textbook diagrams. It is perhaps a little surprising that

the proportion of students who thought that the nucleus

would not be visible was almost the same as the propor-

tion who did not think that the mitochondria would be

visible. By no coincidence, the size of the two structures

as drawn is much closer than their true relative sizes.

Item 5 A student is looking at a specimen of stained

animal tissue through a school microscope at a mag-

nification of �300 (15�20). Tick the structures that

she may be able to make out.

h Nucleus

h Centrioles

h Mitochondria

h Ribosomes

h Endoplasmic reticulum

h Golgi bodies

Scoring: 1 for correct selection, penalty of 0.5 for each

incorrect selection with minimum score of zero.

Response frequencies:

Nucleus⁄ n = 247 (88%)

Centrioles 37 (13%)

Mitochondria 105 (37%)

Ribosomes 66 (23%)

Endoplasmic reticulum 85 (30%)

Golgi bodies 89 (32%)

Mean item score: 0.39/1

Response patterns reinforce the earlier observation

that many students do not appreciate the compara-

tively small size of animal cells and the concomitant

miniscule size of most of their components. The high

selection rates for mitochondria, endoplasmic reticu-

lum and ribosomes are consistent with the way in

which these are commonly drawn in school textbook

diagrammatic representations. The question raised is

whether students appreciate the fact that the diagrams

provide details beyond the capacity of the light

microscope.

Item 6 Which statement is correct? (Tick one

answer)

The lipid bilayer structure of the cell membrane:

h can be seen through a school microscope in

unstained specimens.

h can be seen through a school microscope if the

appropriate stain is used.

h can not be seen through a school microscope.

Response frequencies:

Option 1 n = 16 (6%)

2 140 (50%)

3⁄ 119 (42%)

Not answered 6 (2%)

While it is encouraging to note that almost half the

students selected the correct response, almost as many

believe that the ‘nano’ structure of the membrane is

visible at the ‘micro’ level. Many were probably

thinking of textbook diagrams showing the bilayer

structure, but did not realise the order of magnitude

this entails.

Item 7 The size of cellular components visible under

optical microscopy is usually expressed in: (Tick one

answer)

h millimetres (mm)

h micrometres (lm)

h nanometres (nm)

Response frequencies:

Option 1 n = 10 (4%)

2⁄ 229 (81%)

3 40 (14%)

Not answered 2 (1%)

It is to biology teachers’ credit that most students

could answer this question correctly. Other items

suggest, however, that the logarithmic scale separat-

ing the ‘micro’ from the ‘nano’ is not applied to the

actualities of cell structure.

Item 8 The practical limit of the best optical micro-

scopes is in the order of: (Tick one answer)

h �1,000

h �10,000

h �100,000

Response frequencies:

Option 1⁄ n = 113 (40%)

2 135 (48%)

3 23 (8%)

Not answered 10 (4%)
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This item also was disappointing, given that prior

experience of optical microscopy may be safely taken

for granted when dealing with Australian students. In

the light of the high correct response rate for the

preceding item, it suggests that most students do not

make the connection between magnification and

scale.

As earlier items have indicated, most students realise

that the nucleus is visible using the light microscope.

This item, however, suggests that they do not

appreciate that the scale and extended level of detail

shown in item 9 would not be achievable with light

microscopy.

Items 9 and 10 suggest that students are generally

unable to relate magnification to scale even for ‘real’

representations of cellular objects.

It will be noted that the most common responses

for the three-option items corresponded to the sec-

ond of the three options. This may indicate that

many students had little idea of the correct answer

and simply chose the ‘middle’ option.

Discussion
Narrow in scope as the study has been, it has high-

lighted an area of concern with regard to the teach-

ing and learning of a topic that is ubiquitous in

school biology curricula: cell structure. The analysis

of the response patterns elicited by the instrument

suggests that the prevailing visualisation of cells

among students at this level is a rather ‘flat’ one in

the sense that, while it is realised that component

structures need to be magnified to make them

visible, a single level of magnification will make all,

or most, of these structures visible. Furthermore, the

‘micro’ versus ‘nano’ order of magnitude invoked

by, for instance, the difference between chloroplasts

and ribosomes is not appreciated by a great many

students who have gone through an upper secondary

biology education. The findings of this research are

largely consistent with other reported work, which

has indicated that many secondary school students

exhibit poorly internally connected conceptions of

size and in particular the link between quantitative

relative and absolute sizes.

The general size difference between plant and

animal cells is underrated, with the concomitant

misconception that organelles common to both (eg

mitochondria) are of comparable size in real terms.

Diagrams of cell structure commonly encountered in

school and undergraduate biology textbooks are often

entirely consistent with these misconceptions. If the

function of textbook diagrams of cells is to help

Item 10 This photomicrograph of the cytoplasm

would be taken at a magnification of about: (Tick

one answer)

h �400

h �4,000

h �40,000

Response frequencies:

Option 1 n = 40 (14%)

2 161 (58%)

3⁄ 76 (27%)

Not answered 4 (1%)

Item 9 This photomicrograph of a nucleus would be

taken at a magnification of about: (Tick one answer)

h �60

h �600

h �6,000

Response frequencies:

Option 1 n = 15 (5%)

2 155 (55%)

3⁄ 107 (38%)

Not answered 4 (1%)
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students to pass tests and examinations by giving them

something pictorial to memorise and reproduce, most

are probably doing quite a good job; if their function

is to clarify the factual and conceptual substance con-

tained in the text, they are probably doing a mediocre

job; if it is to give students an insight into the tech-

nologies that are applied to revealing cellular struc-

tures, they are doing a poor job, and reinforcing – if

not creating – serious misconceptions along the way.

There is a fundamental dissonance between many

textbook diagrams of cells and the explanatory text,

particularly at upper secondary and lower tertiary

level. While the text faithfully informs students of

the orders of magnitude invoked by optical and

electron microscopy and relates these to the visibility

of cellular components, far too many diagrams are of

the type that we have critically noted above. The

results of this research, true to the old adage of a

picture speaking a thousand words, suggest that it is

the misrepresentation inherent in the diagrams rather

than the written text or any verbal explanation that

is instrumental in shaping their conceptions of cellu-

lar structure. The problem lies with the textbook

producers, and it is they who should address this

issue. We accordingly urge textbook producers to

desist from diagrams that reinforce the visualisation

misconceptions we have discussed in this paper. A

3D multicoloured diagram (an example of what

Storey 1990, 215 called ‘textbook art’) of a cell

showing mitochondria and chloroplasts of slightly

different sizes alongside a nucleus that is only a little

larger may have undeniable artistic merits but it is

scientifically incorrect and conceptually misleading.

The use of electron micrographs alongside line

diagrams drawn to scale is highly recommended.

Rare but also recommended is a ‘windows’ diagram-

matic representation whereby little ‘windows’ at a

specified higher level of magnification are drawn

emanating from sections of the cytoplasm. Thus, for

a generalised animal cell, the diagram is shown at

�600 (commonly the highest magnification for a

school microscope) and only the nucleus is labelled.

A ‘window’ at about �2,000 reveals a mitochon-

drion, another ‘window’ at a higher magnification

shows endoplasmic reticulum and ribosomes, and so

on. However, this would have to be accompanied

by a note that these latter levels of resolution cannot

be achieved with standard optical microscopy.

The comments we have levelled at textbook pro-

ducers apply equally to examination writers: present-

ing students with stylised line diagrams for labelling

or organelle identification merely reinforces student

fuzziness about scale-related issues.

With regard to classroom practice, we believe that

this research suggests that the use of ‘concrete’ analo-

gies (Bean, Singer, and Cowan 1985; Bean et al.

1990) is counterproductive with regard to instilling

conceptualisations of cellular structure that are consis-

tent with the scientific model, as they encourage the

development of ‘flat’ representations of the cell. The

emphasis on the ‘nature of science’ in today’s science

education necessarily invokes epistemological issues

such as the building up of visual representations of

objects at the micro- and nano-levels, and more

attention needs to be paid to this aspect of the devel-

opment of scientific knowledge in the teaching of cell

structure. Microscopy, being a branch of optics and

thereby of physics, exemplifies the need for a closer

working relationship between biology and physics in

the teaching of biology (Brewe, Pelaez, and Cooke

2013). While heavily content-laden curricula tend to

discourage teachers from delving into epistemological

issues, these can and should be brought into high-

school science classrooms (Leach, Hind, and Ryder

2003). In the case of the effective and scientifically

accurate teaching of cell structure, we opine that this

is a necessity rather than a luxury. Research is needed

to guide curriculum and textbook writers, and class-

room practitioners, towards ways of representing and

teaching cell structure that culminate in students con-

structing appropriate conceptual models.
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