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Exploring Individual Differences in Photosynthesis and Respiration Knowledge
Abstract

A scientific conceptual understanding of photosynthesis and respiration provides an important basis
for understanding nature and the regulations of life. Photosynthesis and respiration are complex
processes, and learning about them requires a proper understanding of their various aspects, from
molecular biology to the ecosystem level. This study explored conceptual understanding of and
misconceptions about several fundamental aspects of photosynthesis and respiration. We also
examined heterogeneity among students by identifying groups with different patterns of
understanding of various aspects of the concepts. In all, 1310 students from the 7th through 11th
grades answered 13 two-tier-type questions on various aspects of photosynthesis and respiration.
Latent class analysis revealed four unique latent classes: high achievers, low achievers, moderate
understanding of photosynthesis with low understanding of respiration, and moderate understanding
of photosynthesis with varying understanding of respiration. More than 37% of the participants were
assigned to the low achievers class, and less than 10% were assigned to the high achievers class.
Respiration was less understood than photosynthesis. There were individual differences in class

membership within grade levels; however, all four classes were present in all grade levels.
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Living is work, and work requires energy. Photosynthesis and cell respiration are the main cell
metabolic processes used by almost all living things to produce and release energy, directly or
indirectly. Therefore, they are among the most important processes studied in biology classrooms.
Topics on photosynthesis and respiration in plants are included in school curricula worldwide
(Australian Curriculum, Assessment and Reporting Authority, 2016; Cakir et al., 2002; Department
for Education, 2015; Eisen & Stavy, 1993; Finnish National Agency for Education, 2017; Finnish
National Agency for Education., 2019; Lin & Hu, 2003; Park et al., 2018; Skribe-Dimec & Strgar,
2017; TIMSS & PIRLS International Study Center, 2015; Yong & Kee 2017). Starting in primary
school, pupils are taught to understand that not only animals but also plants are alive, too. In secondary
school, these topics are taught in greater detail throughout several grades. Photosynthesis and
respiration are fundamental processes in biology (Rakhmankulova, 2019). Thus, to understand life
on Earth, a proper understanding of them is required (Janssen et al., 2014; Lumpe et al., 1995). Global
problems like species extinction, deforestation and climate change are consequences of humankind’s
decisions, where proper biological understanding is not sufficiently considered. In addition, economic
and political interests sometimes override biological understanding. Therefore, correct knowledge of
photosynthesis and respiration in plants is an important basis for understanding the vulnerability of

life and nature.

Photosynthesis and respiration are complex processes; therefore, learning about them requires a
proper understanding of their various aspects (Neto et al., 2021). These biological topics can be
described at the nano, micro, meso and macro scales (Goodsell et al., 2018; Pettersson et al., 2021)
and from molecular biology to ecosystem points of view. At the molecular level, for instance,
photosynthesis and respiration should be understood as biochemical reactions that take place in cells’
special organelles, such as chloroplasts and mitochondria; these are processes in which chemical
elements react. Additionally, it is important to understand that these processes are vital for every plant
to obtain energy and food. Finally, they help maintain a stable ratio of oxygen and carbon dioxide on
Earth and are the key mechanisms in food chains. All these perspectives are important, and
comprehension of only some of them would inhibit a full conceptual understanding of the
phenomenon as a whole. Furthermore, many misconceptions about these topics exist, and these
misconceptions are stable and resistant to change (Cokadar, 2012; Jancarikovd & Jancarik, 2022;
Mikkila-Erdmann, 2001; Authors, 2015). Misconceptions about photosynthesis and respiration can
be found among different age groups (Skribe-Dimec & Strgar, 2017). Not only school students but
also in-service teachers have serious misconceptions about these processes (Partosa et al., 2013).

Overcoming persistent misconceptions does not happen by acquiring new pieces of knowledge.
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Instead, it requires the restructuring of existing knowledge and beliefs—in other words, conceptual
change (Vosniadou, 2012).

Few studies have examined students’ conceptual understanding by considering all aspects of
photosynthesis and respiration and their relationships. Although many studies have investigated
misconceptions and conceptual change in biology among school and university students, there is
almost no research on the heterogeneity of learners’ understanding of the various aspects. Even within
one class, the structure of students’ conceptual understanding could vary. For complex concepts that
include numerous interrelated aspects, conceptual change may occur through a variety of trajectories
(e.g. Authors, 2015). However, little is known about the contributions of misconceptions and a lack
of scientific knowledge to acquiring an adequate understanding of complex biological concepts, such
as photosynthesis and respiration. Unobserved heterogeneity among learners could hinder the
learning process and be an obstacle for teachers (Sinatra & Mason, 2008).

The aim of this study was to explore conceptual understanding of and misconceptions about several
fundamental aspects of photosynthesis and respiration. In addition, we examined heterogeneity
among students by identifying groups of learners with different patterns of understanding of various

aspects of the concepts.
Misconceptions of Photosynthesis and Respiration

Photosynthesis and respiration are closely related natural processes. A fully scientific and correct
understanding of one of these processes is impossible without a complete understanding of the other.
Understanding of photosynthesis and respiration has been widely investigated, taking into account

their various aspects (Authors, 2023).

Various levels of misconceptions related to these processes have been reported among students of
different ages. When it comes to photosynthesis, younger children often have a mistaken belief that
plants eat through their roots (Roth, 1990). This misconception leads them to not recognise plants as
autotrophic organisms (e.g. Mintzes & Wandersee, 2005). In fact, comprehending the energy
transformation process in photosynthesis and respiration poses challenges for learners, from primary
(Skribe-Dimec & Strgar, 2017) to secondary school (Balci et al., 2006; Marmaroti & Galanopoulou;
2006; Ozay & Oztas, 2003), and for teachers and student teachers (Authors, 2013) across Europe. In
one study conducted at the secondary school level, the majority of students could not correctly explain
the source of plant weight during plant growth, mentioning water and soil as sources, and only

approximately one-fifth of the students were aware that plant weight increase is attributed to organic



substances produced internally by the plants themselves (Ozay & Oztas, 2003). White and
Maskiewicz (2014) reported similar results; only 10% of students could describe the role of cellular
respiration in an energy and matter transformation process. This is not surprising, though; Partosa et
al. (2013) studied 113 secondary in-service and pre-service teachers’ conceptions related to
photosynthesis and respiration, and both groups exhibited only a shallow and flawed understanding
of these biological topics. On the other hand, in another study, pre-service elementary science teachers
had difficulties in understanding the concept of respiration but had a strong understanding of
photosynthesis (Akgay, 2017).

Another oft-reported misconception relates to inadequate understanding regarding the interrelations
and differences of photosynthesis and cellular respiration processes. For instance, the two-tier test
created by Haslam and Treagust (1987) was used to determine Australian 8th—12th graders’
conceptual understanding of photosynthesis and respiration. The results showed that 8th—11th
graders, and in some cases 12th graders, had very similar misconceptions about photosynthesis and
respiration in plants. They were mainly mistaken about the nature and function of photosynthesis and
respiration processes and their relationships. Several other studies have reported that the majority of
secondary school students do not adequately understand the photosynthesis—respiration
interrelationship (Marmaroti & Galanopoulou, 2006; Svandova, 2014). Brown and Schwartz (2009)
revealed that pre-service elementary teachers could not explain the connection between respiration
and photosynthesis in terms of matter cycle and energy. Furthermore, some studies have reported a
misconception that plants respire only at night; the origin of this belief is presumably problems in
understanding the interrelations of these two phenomena (Alparslan et al., 2003; Haslam & Treagust,
1987; Yenilmez & Tekkaye, 2006).

Other misconceptions found in studies regarding photosynthesis relate to chemical reactions, the role
of chlorophyll (Marmaroti & Galanopoulou, 2006) and the location where photosynthesis takes place
in a plant (Skribe-Dimec & Strgar, 2017) among secondary school students. In university-level
introductory courses, results have shown a lack of basic understanding of photosynthesis, with
students unable to correctly describe its role in plant metabolism (Parker, 2012). Other studies have
reported similar results in the university context (Halim, 2018; Authors, 2015). Typically, only little
age-related progress is reported for primary school pupils in understanding photosynthesis (Skribe-
Dimec & Strgar, 2017). Barrutiaand Ramon Diez (2019) showed that understanding of plant nutrition
improves progressively among Spanish students from primary to upper secondary school; however,
students in all age groups do not have a complete, scientific and correct understanding of plant

nutrition (including photosynthesis), and even the oldest students have misconceptions.



Another study on pre-service science teachers’ conceptual understanding of photosynthesis found
that 93% had an insufficient understanding of photosynthesis, mainly about the products and reagents
of the process (Karakaya et al., 2021). Urey (2018) found that pre-service teachers used one of two
approaches to explain photosynthesis—biological or chemical—the majority giving priority to the
chemical approach. Pre-service teachers who preferred a biological approach tended to have fewer
misconceptions about photosynthesis than those who used the chemical explanation. Cakiroglu and
Boone (2002) studied pre-service elementary teachers’ conceptions of photosynthesis and reported
that participants who had fewer misconceptions about photosynthesis tended to have high personal

science teaching efficacy.

Separate studies evaluating the understanding of respiration have also been conducted. Al Khawaldeh
and Olaimat (2010) investigated 11th graders’ understanding of respiration. It was apparent that
students struggled with the following aspects related to respiration: comparison between aerobic
respiration and anaerobic fermentation, reactants in respiration and the energy production that occurs
in plants and yeasts. Another typical misconception concerns the location of respiration: students
have stated that respiration takes place only in plants’ leaves because leaves have stomata and that,
for animals, it occurs only in the respiratory system, in organs like the lung, gill and trachea. Even
more students declared that plants respire only at night because they photosynthesise during the day
and that these two processes are reversed versions of each other, as products of photosynthesis are

reactants of respiration (Alparslan et al., 2003)

Probably the most common misconception related to cellular respiration is that it would be the same
process as breathing (Fan et al., 2018; Rybarczyk et al., 2007). In addition, Songer and Mintzes (1994)
found that college-level biology students thought that gas exchange and cellular respiration are the

same processes and that plants do not respire at all.
Present Study

The above-described studies measured different aspects of photosynthesis and respiration but
primarily presented averaged results regarding different variables that did not uncover qualitatively
different subgroups among students. To overcome the limitations of traditional variable-centered
analyses, this study applies a person-centered statistical analysis, namely latent class analysis (LCA).
LCA belongs to a family of latent variable mixture models which aim to identify subgroups of
individuals with similar patterns of responses on a single measure or across different measures
(Hickendorff et al., 2018). Thus, individual differences within a group can be modelled as consistent
patterns of performance within a set of coherent subgroups within that group. This contrasts with a
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variable-centered approach to statistical analysis that examines the relation between variables and
provides mean values that are considered representative of the whole population. LCA and related
analytic techniques have been used extensively in recent years to examine individual differences in
students’ conceptual knowledge in various domains, including science (e.g. Schneider & Hardy
2013). These approaches have been successful in uncovering hidden heterogeneity in students’
performance on measures of conceptual knowledge that would be hidden using traditional variable-
centered approaches and provided valuable insight into conceptual changes processes (Edelsbrunner
et al., 2018; Schneider & Hardy, 2013). Thus, the present study examines students with different
performances in various aspects of photosynthesis and plant respiration. In doing so, the study aims

to answer the following research questions:

1. What are students’ levels of success on a test measuring their understanding of aspects related to
photosynthesis and respiration?

2. What kinds of latent classes of students are present based on their understanding of different aspects

of photosynthesis and respiration?

2.1. Which aspects of photosynthesis and respiration differentiate the different latent

classes?

2.2. How frequently do different latent classes occur among different grade levels?
Methods
Participants

A total of 1310 Lithuanian students participated in the study. It was conducted during the autumn
semester of 2021. Students in the 7th, 8th, 9th, 10th and 11th grades participated. This included 174
(13.3%) 7th graders, 126 (9.6%) 8th graders, 372 (28.4%) 9th graders, 432 (33%) 10th graders and
206 (15.7%) 11th graders. A total of 57.8% were female and 42.2% were male, with a mean age of
15.1 (standard deviation [SD] = 1.98) years. This study was approved by the university’s ethics
committee (blinded for peer review). Parents were provided with an appropriate consent form
(approved by the ethics committee) through mediation by school administrators. The form specified
that they could withdraw their consent at any time without any consequences. Students could refuse

to answer the test questions.

To reach a variety of participants, 17 schools from different Lithuanian counties (including large
cities, small towns and rural areas) were selected. There were two steps in the selection procedure.
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Initially, all university partner schools with students in the 7th to 11th grades were contacted, and 13
of the 94 partner schools agreed to participate. Additional schools were contacted, since these schools
represented only 7 of the 10 counties. The second step involved sending invitations to 107 additional
schools, and 7 of those schools accepted. All 10 counties in Lithuania were represented by the 20
schools. However, three schools refused to participate in the study when it commenced.
Consequently, 17 schools from nine counties participated.

Traditionally, a sample size of more than 500 is considered sufficient for latent variable mixture
models, although Wurpts and Geiser (2014) noted that with higher quality indicators, a smaller
sample size may suffice. Therefore, our sample size complies with even the most rigorous LCA

criteria.
Measurements

Two parts were included in the test. During the first part, students were asked to provide background
information (grade, gender and age). The other component was a conceptual understanding test
(Haslam & Treagust, 1987), which featured 13 two-tier questions covering a range of various aspects
related to photosynthesis and respiration (Table 1). The test was created based on student
misconceptions identified by examining the relevant literature, by student interviews and by student
responses to open-ended questions (Treagust, 1986). A selection of items for photosynthesis and
respiration aspects was based on the first tier. The students had to justify their answers after each
question. A double-translation process was used for the preparation of the conceptual understanding
test. First, the original English version (Haslam & Treagust, 1987) was translated into Lithuanian by
an expert in biology. Second, another expert in biology translated the Lithuanian text back into
English. The similarity to the original was checked. The Lithuanian translation was double-checked
by two biology teachers and two biology scientists to ensure that all questions were suitable for
Lithuanian curricula and updated according to the latest scientific research. Two Lithuanian schools
were involved in the pilot test in 2021. In addition to taking the test, several students participated in
semi-structured interviews to gain a deeper understanding of how they interpreted the questions.
Based on the results of the pilot test and the students’ comments, the final clarified Lithuanian version
of the test was developed (please see the appendix), including all original test questions. The original
version of the test had a Cohen’s alpha of .72 (Haslam & Treagust, 1987). The Lithuanian version of
the test had a reliability of .74. The reliabilities of the photosynthesis and respiration sub-tests were

.63 and .69, respectively.



Table 1

Aspects of the Test and Questions

Aspect Questions

Photosynthesis is a process that occurs during light 1,4

conditions.

Photosynthesis inhibitors 11
Benefits of photosynthesis to a plant and ecosystem 12,10
Respiration is an ongoing continuous process. 2,3,8
Respiration takes place in all plant cells. 5

The benefits of respiration to a plant and ecosystem 7,9
Respiration in plants and animals 6, 13

The study participants completed the test individually in front of their teachers during one lesson.
One lesson was allotted for completing the test (45 minutes). At the first tier, the students were
required to choose only one answer from several options. Among the answers, only one was
scientifically correct; the rest were described as synthetic models or misconceptions (see Vosniadou,
2012). Taking the answers given in the first tier and analysing the logic behind them, the students
were asked to explain why they chose the answers below in the second tier. Several answers were
provided, but students could choose only one. The second tier contained only one scientifically
correct answer; the rest were synthetic models or misconceptions. There was also an option for

students to write their own short answers in the second tier.
Data Analysis

The success rates in the photosynthesis and respiration tasks were compared using a one-sample t-
test. LCA was used to analyse whether there were subgroups of students with different achievements
(correct vs. incorrect) in the different tasks of the photosynthesis conceptual test. Two biologists
familiar with photosynthesis and respiration concepts classified the conceptual understanding test
answers as either correct or incorrect. Each question consisted of two parts (answer and explanation).
Very few students used the option in the second tier to write an explanation in their own words. All
these answers were evaluated individually by the authors and scored as correct or incorrect. The
guestion was scored as correct only if both parts were answered correctly. Based on these categories

(correct and incorrect), LCA was conducted. When using multiple-choice questions, there is always
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the possibility of random correct answers. Thus, scoring based on both parts of the questions is a
more robust indicator. In addition, in a test focusing on conceptual change, it is insufficient to
remember or be able to recocognise the correct answer; the combination of correct answer and

relevant explanation for this answer is closer to what is meant by scientific knowledge.

Mplus version 8.0 was used to conduct the LCA (Muthén & Muthén, 1998-2017). Maximum
likelihood was used with robust standard errors to estimate the model, which is a full information
method capable of handling missing data. We used 1000 and 100 random start values in the first and
second steps of the model estimation, respectively, to ensure the validity of the solution. To determine
the most appropriate number of latent classes and the best-fitting model, statistical indicators and
substantive theory were used together for model fit evaluation (Authors, 2018; Nylund et al., 2007).
The number of classes was decided based on multiple fit values—Akaike Information Criteria (AIC),
Bayesian Information Criteria (BIC), and Entropy—and likelihood ratio tests—the Bootstrapped
Likelihood Ratio Test (BLRT) and Lo-Mendell-Rubin Likelihood Ratio Test (LMRT). An entropy
value close to 1 indicates a higher level of certainty in the classification of individuals into classes,
and lower AIC and BIC values indicate a better fit of the model to the data. The likelihood ratio tests
that reach statistical significance suggest that the k-class model is more appropriate than the k-1-class
model (e.g. a statistically significant result for the 4-class model suggests it is a better fit than the 3-

class model).

Latent classes were cross-tabulated with grade levels (7—11), and the significance of the relationship
between the frequencies was measured using the chi-squared test. Standardised residuals comparing

the observed and expected frequencies are presented for each cell.
Results
Student Success Rates

The students’ success in the test measuring their understanding related to photosynthesis and

respiration and the differences in students’ scores between different grades are presented in Table 2.

Table 2

Average Success Rates in Photosynthesis and Respiration Tasks and Results of One-Sample t-Test

7th grade 8th grade 9th grade 10th grade 11th grade  Total

Photosynthesis
M (SD) 57 (.23) .60 (.27) .63 (.23) .64 (.23) .69 (.25) .63 (24)
Cronbach’s « .596 .617 .616 612 712 .632



Respiration

M (SD) 46 (.15) 50 (.21) 48 (.18) 49 (.19) .54 (.20) 49 (.19)
Cronbach’s a 468 .740 .636 .681 125 .668

t 4.76 5.11 11.40 13.78 10.84 21.45
df 173 125 371 431 205 1309

p< .001 .001 .001 .001 .001 .001

The reliabilities of the photosynthesis and respiration subscales were acceptable, with the exception

of the respiration subscale among 7th graders. The success rate was higher in photosynthesis tasks

than in respiration tasks, and the same significant difference was found for all grade levels. Success

in the photosynthesis questions improved with grade level as expected. For the respiration questions,

success improved steadily, except for 8th grade, which was more successful than grades 9 and 10.

Latent Classes

Table 3

Fit Indices of the Models Differing in the Specified Number of Latent Classes

Number of classes AIC BIC LMRT BLRT Entropy
2 19376 19515 .001 .001 .70
3 19006 19219 .001 .001 74
4 18900 19185 .001 .001 .80
5 18850 19208 .06 .001 .67
6 18817 19246 16 .001 .69
7 18800 19302 24 .001 73

After estimating two- to seven-class solutions for the LCA, the most appropriate model was

determined to be the four-class model (Table 3). First, the four-class solution held the minimum BIC

value, though no minimum AIC was found. Second, the LMRT was not statistically significant for

the five-class model, suggesting that it did not improve for the four-class model, though the BLRT

remained statistically significant for all estimated models. Finally, differentiation in the classes and

substantive theory were deemed sufficient to interpret the results (Authors, 2018). Four unique latent

classes were identified: high achievers, low achievers, moderate photosynthesis with low respiration

(ModPhotLowResp) and moderate photosynthesis with varying respiration (ModPhotVaryingResp)

(Figure 1).

10



Figure 1

Probability of a Correct Answer for the Latent Classes Based on All Dichotomous Items of the

Conceptual Change Test.

1
0,9
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0,7
0,6
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0,4
0,3
0,2
0,1

0

Photosynthesis Respiration

Probabilities

Q11 Q10 Q12

Questions
m High achievers class Low achievers class
= ModPhotVaryingResp class = ModPhotLowResp class

Figure 1 details the probabilities of a correct response for each item for the different latent classes.
As can be seen, the high achievers class showed the best success rate among all latent classes.
Students in this class tended to have a correct scientific understanding of photosynthesis and
respiration processes according to almost all aspects. However, only 8.6% of the study’s sample
belonged to this class. The low achievers class was the opposite of the high achievers class. Students
who belonged to this class tended to have an incorrect understanding of the photosynthesis and
respiration processes; they showed a very low success rate on 12 of 13 questions. The low achievers
class was the largest of the four classes, and 37.5% of the study population belonged to it. Two other
classes, the ModPhotVaryingResp class and the ModPhotLowResp class, were located between the
high achievers class and the low achievers class. The ModPhotVaryingResp class tended to have a
correct scientific understanding of some aspects of the photosynthesis and respiration processes but
an incorrect understanding of other aspects of these processes. The ModPhotVaryingResp class was
the second-biggest class, followed by the low achievers class. Of the study participants, 32.9% were
assigned to the ModPhotVaryingResp class. The ModPhotLowResp class was between the
ModPhotVaryingResp class and the low achievers class. The ModPhotLowResp class tended to have
a level of understanding of photosynthesis similar to that of the ModPhotVaryingResp class but a

worse understanding of respiration compared to the ModPhotVaryingResp class. The
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ModPhotLowResp class was the third-biggest class, following the low achievers class and
ModPhotVaryingResp class. Among the participants, 21% were assigned to the ModPhotLowResp

class.
Different Classes’ Understanding of Photosynthesis

The high achievers class showed a high level of conceptual understanding of photosynthesis in all
questions. Only in Q10, related to the benefit of photosynthesis, the high achievers class tended to
have a slightly lower success rate (69%) than in other questions. However, in Q12, dedicated to the
same aspect, the success rate was higher. The low achievers class showed a very low success rate for
all questions related to photosynthesis. An extremely low success rate, less than 6%, was observed

for Q11, which was related to the aspect of photosynthesis inhibitors.

The ModPhotVaryingResp class had a 55% and 81% chance, respectively, of correctly answering Q1
and Q4 about photosynthesis as a process during light conditions. Linking the success rate to Q1 and
Q4, this class had a 45% chance of getting both questions right. This class also had a 69% chance of
choosing the correct answer to Q11, which was dedicated to photosynthesis inhibitors, and a 58%
chance of correctly answering Q10, which was related to the benefits of photosynthesis. However,
this class had a 34% chance of correctly answering Q12, which was also dedicated to the benefits of
photosynthesis. Linking the success rate to Q10 and Q12, the ModPhotVaryingResp class had a 20%

chance of getting both questions right.

The ModPhotLowResp class had a very similar success rate for all questions related to photosynthesis.
Q4, Q10 and Q12 yielded the same success rates as in the ModPhotVaryingResp class. The success
rates for Q1 and Q11 were not the same, but the difference was only approximately 5%. Therefore,
the ModPhotVaryingResp class and the ModPhotLowResp class were very similar regarding their

understanding of photosynthesis.
Different Classes’ Understanding of Respiration

The high achievers class exhibited an overall good conceptual understanding of respiration. However,
it did not perfectly understand that respiration in plants takes place in all cells; the success rate for Q5
was 64%. In Q2 and Q7, related to aspects of respiration as an ongoing continuous process and the
benefits of respiration, slightly lower success rates than for other questions were noted at 68% and
75%, respectively. However, other questions dedicated to the same aspects maintained a very high

success rate, and Q2 and Q7 were still answered at quite a high rate compared to the other classes.
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The low achievers class showed a very low success rate for all questions about respiration. The only
question answered at a slightly higher rate was Q6, which was related to the aspect of respiration
taking place in all living creatures; the success rate was 57%. However, Q13 was also dedicated to
this aspect, and it had a low correct answer rate of 15%. Linking the success rate to Q6 and Q13, this
class had a 9% chance of getting both questions right. The low achievers class tended to have an
extremely low success rate with Q9, which was related to the aspect of the benefits of respiration;
less than 4% chance to answer correctly. Q7, also dedicated to the benefits of respiration, had a 14%
chance of being answered correctly. Other questions dedicated to the aspects of respiration as an
ongoing continuous process and as occurring in all plant cells had less than a 30% chance of being
answered correctly by the low achievers class.

The ModPhotVaryingResp class tended to have a correct scientific understanding of some aspects of
the respiration processes but an incorrect understanding of others. This class showed a good scientific
understanding that respiration takes place in all living creatures, with high success rates for Q6 and
Q13. However, two other aspects, respiration as a process taking place in all plant cells and the
benefits of respiration, tended to be poorly understood by the ModPhotVaryingResp class. Q5, related
to the aspect of respiration as a process taking place in all plant cells, had a 37% chance of being
answered correctly. Q7 and Q9 on the benefits of respiration both had less than an 8% chance of being
answered correctly. Three questions related to the aspect of respiration as an ongoing continuous
process tended to be answered at different success rates. The ModPhotVaryingResp class had a 20%
and 38% chance of answering Q2 and Q3 correctly, respectively. However, this class had a 99%
chance of correctly answering Q8, which was dedicated to the same aspect (gas exchange and cellular
respiration at different times of the day and under different lighting conditions). Nevertheless,
although the general topic was the same, the formulation of this particular item (Q8) made it
presumably easier to answer correctly compared to Q2 and Q3.

The ModPhotLowResp class tended to have a very low success rate for questions related to all aspects
of respiration. This class had a 30% chance of correctly answering Q5, which was dedicated to the
aspect of respiration as a process taking place in all plant cells. Q7 and Q9, which were related to the
benefits of respiration to a plant, respectively had a 4% and 18% chance of being answered correctly.
The aspect about respiration as an ongoing continuous process tended to be poorly understood by the
ModPhotLowResp class; Q2, Q3 and Q8 had a 4%, 39% and 0% chance, respectively, of being
answered correctly. Q6 and Q13, dedicated to the aspect of respiration in plants and animals, had an
83% and 27% chance of being answered correctly. Linking the success rate to Q6 and Q13, there was
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a 22% chance that both questions related to the aspect respiration as a process in plants and animals
were answered correctly by the ModPhotLowResp class.

Relationship between Latent Classes and Grade Levels

Table 4
Percentages and Standardised Residuals (Std. Res.) of the Most Likely Class Memberships by
Grade Level
Class 7thgrade 8thgrade 9thgrade  10th grade 11th grade
% % % % %
(Std. Res.) (Std. Res.) (Std.Res.) (Std.Res.) (Std.Res.)
High achievers class 1.7 11.2 8.6 8.9 11.8
(-3.1) (1.0) (0.1) (0.3) (1.5)
ModPhotVaryingResp class  35.6 36.8 314 30.6 40.6
(0.5) (0.6) (-0.7) (-1.2) 7n
Low achievers class 47.1 42.4 39.7 34.4 29.9
(2.0) (0.9) (0.6) (-1.2) (-1.7)
ModPhotLowResp class 155 9.6 20.4 26.2 17.6
(-1.4) (-2.7) (0.0 (2.8) (-0.8)

There was an overall small (effect size Phi = .185) but significant relationship between the latent
classes and grade level, X2 (12, N = 1310) = 44.881, p < .001. There were individual differences in
class membership within grade levels (Table 4). All grades contained all four classes. The largest
percentage of students in almost all grades was in the low achievers class. Among the 11th graders,
the largest proportion of these students belonged to the ModPhotVaryingResp class, followed by the
low achievers class. In almost all grades, the percentage of students in the high achievers class was
the smallest, except the 8th grade, where the smallest class was the ModPhotLowResp class, followed
by the high achievers class. The second-most frequent class in all grades was the
ModPhotVaryingResp class, except for the 11th grade. The third-most frequent class was the
ModPhotLowResp class, except for the 8th grade.

Based on the standardised residuals, the frequency of the high achievers class was smaller than
expected in the 7th grade (standardised residual = -3.1). In addition, the frequency of the low

achievers class was higher than expected (standardised residual = 2) in the 7th grade. The frequency
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of the ModPhotLowResp class was smaller than expected in the 8th grade (standardised residual = -
2.7) but higher than expected in the 10th grade (standardised residual = 2.8).

Discussion

This study was conducted to reveal unobserved heterogeneity among 7th—11th graders’ knowledge
of various aspects of photosynthesis and respiration. Students’ conceptual understanding of these
phenomena was evaluated using a two-tier test that included 13 basic questions and explanations of
different aspects of photosynthesis and respiration knowledge. The results showed a clear difference
in the difficulty of the photosynthesis and respiration tasks. In all grade levels, from 7th to 11th, the
students’ success rates in the photosynthesis tasks were significantly higher than in the respiration

tasks.

The LCA identified four unique latent classes, all of which had differing characteristics according to
the conceptual understanding of photosynthesis and respiration. The high achievers class
demonstrated a very high success rate in all questions. In contrast, the low achievers class showed a
very low success rate for all questions. The other two classes were placed between these two. The
ModPhotVaryingResp class and the ModPhotLowResp class indicated lower success rates than the
high achievers class but higher success rates than the low achievers class. The success rate for
photosynthesis-related questions was similar across both classes; however, there was a different
success rate for respiration-related questions. The ModPhotVaryingResp class exhibited a higher
success rate in respiration-related questions than that of the ModPhotLowResp class. The LCA also

showed that photosynthesis questions were better understood than respiration questions.

Considering the poor scores for the respiration questions, it could be argued that most students did
not understand the basic idea of cellular respiration. The possibility of answering the questions
correctly was quite small for three of the four identified latent classes, which consisted of more than
90% of the students. The results showed that even though some of the students tended to have a
correct scientific understanding overall, this proportion made up only less than one-tenth of the study
population. In contrast, two-fifths of students were assigned to the latent class that had a mostly
incorrect understanding of all investigated aspects of photosynthesis and respiration.

The ModPhotVaryingResp and the ModPhotLowResp classes comprised more than half of the study
population. These two latent classes showed similar success rates across a portion of the test
guestions. Most of the students belonging to the ModPhotVaryingResp class or the ModPhotLowResp
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class had a correct conceptual understanding of two aspects—photosynthesis as a process during light
conditions and photosynthesis inhibitors. By contrast, the aspects of respiration as a process taking
place in all plant cells and the benefits of respiration tended to be misunderstood by the students
belonging to the ModPhotVaryingResp class and the ModPhotLowResp class. However, responses to
other questions measuring understanding of different aspects differed between the
ModPhotVaryingResp class and the ModPhotLowResp class. Even though the aspect regarding
respiration as a process taking place in plants and animals tended to be correctly understood by the
ModPhotVaryingResp class, understanding of this aspect among the ModPhotLowResp class varied
depending on the formulation of the question. While the aspect of respiration as an ongoing
continuous process tended to be poorly understood by the ModPhotLowResp class, the understanding
of the ModPhotVaryingResp class varied depending on the formulation of the questions. Finally,
understanding of the benefits of photosynthesis varied depending on the formulation of the questions

for both latent classes.

The results showed that most students could answer some questions correctly but failed to answer
others, even if the questions were dedicated to the same aspect of photosynthesis or respiration.
Analysis of the questions’ structures revealed that students correctly answered the questions that
asked about a certain aspect in a direct way (see appendix for question structure). For example, for
Q8 (‘When do green plants respire?”), the ModPhotVaryingResp class tended to answer correctly.
However, Q2 and Q3, dedicated to the same aspect, were formulated in a different way, requiring
students to use critical thinking and apply their knowledge (Q2: ‘Which gas is taken in by green plants
in large amounts when there is no light energy at all?” and Q3: ‘Which gas is given off by green plants
in large amounts when there is no light energy at all?’). The success rates for these questions were
low among the ModPhotVaryingResp class. Hence, we hypothesise that this tendency to answer direct
questions correctly but more complicated questions incorrectly may indicate rote memorisation. This
is in alignment with several previous studies showing that rote memorisation of given information
alone is insufficient for conceptual understanding (Grove & Bretz, 2012; Schénborn & Anderson,
2008). Indeed, rote learning could even lead to misconceptions, despite many students believing that
it is the only way to learn science (Cavallo et al., 2003).

Some aspects were understood worse than others, with the benefit of respiration being the worst
understood aspect overall. There may be several reasons for this. First, the tendency to not understand
the main benefit of respiration as the release of energy may be related to misconceptions about energy
in general. A possible cause of this misconception may be difficulties in understanding the

relationship between ‘energy’ and ‘food’ concepts (Balci et al., 2006). Second, concepts of
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‘respiration’ and ‘breathing’ are often used simultaneously, without understanding that they are
different, though closely related, processes. Teachers often use them simultaneously, too, which could
easily lead students to adopt this misconception (Seymour & Longden, 1991). Furthermore, the
majority of students interpreted respiration as a gas exchange process only, and some pre-service
teachers have the same misconception as well (Susanti, 2017). In our study, the largest proportion of
students tended to state that respiration only takes place in leaf cells. The source of this misconception
could be the Lithuanian biology textbook typically used in schools. In this book, an illustration of the
respiration process depicts a leaf, not the whole plant. This is in alignment with prior research that
found that how concepts are presented in textbooks could be a source of misconceptions (Barrass,
1984; King, 2010; Widiyatmoko & Shimizu, 2018).

Many students had high achievement in many of the tasks of the test, but only a small number of
students understood all the fundamental aspects related to photosynthesis and plant respiration. The
largest portion of students did not understand the benefits of respiration and photosynthesis for the
ecosystem and for plants themselves. In addition, some students did not have a clear understanding
of respiration as a process taking place in plants and animals. Briefly, the largest portion of students
did not seem to understand the crucial role played by photosynthesis in the ecosystem and in plants
themselves with regard to nourishment and oxygen supply. This is in alignment with Tekkaya and
Yenilmez (2006), who found that 8th graders responded correctly to only about half of test questions,

indicating a low level of conceptual understanding of photosynthesis and respiration.

All four latent classes were found for all grade levels (7—11), but the distribution of latent classes
among the grades differed. Only a few 7th graders belonged to the high achievers class. The majority
of students of all grades belonged to the low achievers class, except 11th graders, where the majority
of the students belonged to the ModPhotVaryingResp class. The smallest latent class was the high
achievers class among all grades, except grade 8, where the smallest latent class was the
ModPhotLowResp class. According to the findings, students’ understanding of photosynthesis and
respiration improved with additional years of schooling. Surprisingly, the number of students in the
high achievers class did not significantly increase after the 8th grade. This finding requires research
into what happens after the 8th grade that prevents students from moving towards a better conceptual
understanding of photosynthesis and respiration.

Pedagogical Implications

Our findings could be useful for teachers and researchers in indicating which aspects are more

complicated and require particular attention in teaching and in creating teaching interventions. In
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addition, teachers should consider the unobserved heterogeneity among students that exists in their
classrooms. Students belonging to different latent classes have various levels of understanding of a
topic and should be taught according to these levels. A personalised learning approach could be used
to meet students’ different needs (Shemshack & Spector, 2020). Furthermore, it is a valuable tool for
ensuring a desirable conceptual understanding (Srisawasdi & Panjaburee, 2017). In biology, most
school and even university assessment tasks check only factual knowledge and not conceptual
understanding (Wood, 2002). Therefore, teachers should create new assessment tasks that require
critical thinking and knowledge application, even when fact-oriented courses are still widely in use
(Wood, 2009).

Biology is a discipline that requires a systemic understanding of how various levels of systems are
related (Momsen et al., 2022; Verhoeff et al., 2018). These levels range from the smallest ones, such
as molecules and cells, to the largest ones, such as populations and ecosystems. Nevertheless, when
teaching biology, a systemic understanding is often ignored, and the main goal is memorisation (Plate,
2010). This does not allow a proper understanding of ecological problems, such as climate change,
species extinction and air, water and soil pollution (Simon, 2006). In teaching, more attention should
be paid to the interconnectedness of biological phenomena. This could help foster a generation that

can better deal with environmental issues.
Limitations

The results outlined in this study are constrained by factors that must be taken into consideration
when generalising and interpreting them. In the study population, there was an imbalance between
the different age groups. In addition, since a greater number of schools were contacted than agreed to
participate, it is impossible to know whether there were systematic reasons for participation that could
have influenced the results. Third, only some of the photosynthesis and respiration questions had the
same wording. Thus, other factors aside from the biological topic could have influenced students’
success rates. Fourth, the subscale for respiration had very low reliability among the 7th graders. This
must be taken into account when interpreting the results. Fifth, scientific knowledge about complex
phenomena such as photosynthesis and respiration consist of many parts, and the different aspects of
the conceptual knowledge may be differently emphasised during the many years when these topics
are taught. Even high proficiency in some of these aspects does not mean that the student can correctly
answer questions dealing with some other aspect of the knowledge. Finally, the study was limited to

one country, and it is important to repeat the study elsewhere.

Conclusions and Future Studies
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This study revealed that students have different levels of conceptual understanding of various aspects
of fundamental biological concepts, such as photosynthesis and respiration, with the majority of
students having a very poor understanding. The findings increase our understanding of the
heterogeneity of students and provide insight into the exact differences in students’ understanding.
The study contributes to a growing body of empirical research indicating that a systemic and holistic
understanding is crucial for grasping biological phenomena; however, an approach enabling this is
not widely implemented by schools. A deeper scientific understanding of conceptual development
over time and during the school years will require longitudinal studies (e.g. analysis of latent
transition as in Schneider & Hardy, 2013). In the future, research should be extended to verify and
possibly expand the results. Finally, providing opportunities for students to develop their conceptual
understanding is an important next step. These can be implemented while creating and testing learning
interventions intended to overcome common misunderstandings and to support groups of students

belonging to different latent classes.
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Appendix

Conceptual understanding test

1. What kind of gas do green plants release the most in sunlight?
A. Carbon dioxide gas
B. Oxygen gas
The reason for my answer is:
1. This gas is released in sunlight because green plants only respire during the daytime.
2. Green plants release this gas because in sunlight they do photosynthesis but do not respire.

3. This gas, which is produced during photosynthesis, is produced in larger amounts than is
necessary for the respiration of green plants and other processes, so the excess of this gas is
released into the environment.

4. This gas is waste, which is produced during photosynthesis, so green plants release this gas into

the environment.

5

2. What kind of gas do green plants absorb from the environment in large quantities when
there is an absence of light energy (in the dark)?

A. Carbon dioxide gas
B. Oxygen gas
The reason for my answer is:
1. This gas is used for photosynthesis, which all stages takes place constantly in green plants.

2. This gas is used for photosynthesis, which all stages occur in green plants when there is an
absence of sunlight energy.

3. This gas is used for respiration, which occurs in green plants only when there is an absence of
sunlight energy for photosynthesis.

4. This gas is used for respiration, which takes place constantly in green plants.

5
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3. What kind of gas do green plants release the most in the dark?
A. Carbon dioxide gas
B. Oxygen gas

The reason for my answer is:

1. Green plants do not start to photosynthesize when there is an absence of sunlight energy, but they

continue to respire, therefore they release this gas.

2. Green plants release this gas during photosynthesis, which all stages takes place in the absence of

sunlight.
3. Green plants release this gas because they respire only in the absence of sunlight.

4.

4. What kind of gas do green plants absorb the most in the sunlight?
A. Carbon dioxide gas
B. Oxygen gas

The reason for my answer is:

1. Green plants absorb this gas in the sunlight and produce their food from this gas.

2. Animals need this gas for respiration in the presence of sunlight.

3.

5. Plants respiration occurs in:
A only in the roots’ cells.
B in all plants’ cells.
C only in the leaves’ cells.
The reason for my answer is:
1. All living cells need energy to live.
2. Only leaves have special pores (stomates) needed for gas exchange.
3. Only roots have small pores to respire.

4. Only roots need energy to absorb water.
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6. Respiration is:
A A chemical process which occurs in all living plant and animal cells.
B A chemical process which occurs in plant cells, but not in animal cells.

C A chemical process which occurs in animal cells, but not in plant cells.

The reason for my answer is:
1. Only plant cells receive energy to live during the respiration process.

2. All live plant and animal cells receive energy to live through the respiration process.

3. Energy for life is necessary only for animal cells because they cannot perform photosynthesis.

4

7. Which of the following statements about green plant respiration is the most accurate?
A It is a chemical process by which plants produce food from water and carbon dioxide.

B It is a chemical process by which the energy stored in food is released using oxygen.

C It is the exchange of carbon dioxide and oxygen gases through the plant stomates only.

D It is a process that does not occur in green plants when photosynthesis takes place.

The reason for my answer is:
1. Green plants never respire but only perform photosynthesis.
2. Green plants absorb carbon dioxide and release oxygen when they respire.
3. Respiration provides energy for green plants to live.
4. In green plants, respiration occurs only when there is an absence of sunlight.

5

8. When do green plants respire?
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A Only at night (in the dark, when there is an absence of sunlight)
B Only daytime (when there is sunlight energy)

C All the time (whether there is light energy or not).

The reason for my answer is:

1. Green plant cells can perform photosynthesis during the daytime when there is light energy,
therefore they only respire at night when there is an absence of light energy.

2. Green plants need energy to live, and respiration provides energy.

3. Green plants do not respire; they only perform photosynthesis, which provides energy for the
plants.

4

9. Which of the following equations best represents the respiratory process in plants?
A Glucose + oxygen — energy + carbon dioxide + water.

B Carbon dioxide + water — energy + glucose + oxygen.

. light energy and chlorophyll
C Carbon dioxide + water oxygen + glucose.

D Glucose + oxygen — carbon dioxide + water.

The reason for my answer is:
1. During respiration in the sunlight, green plants produce glucose using carbon dioxide and water.

2. Green plants use carbon dioxide and water to produce energy, while glucose and oxygen waste
are generated during this process.

3. During respiration, green plants absorb oxygen and release carbon dioxide and water.
4. During respiration, green plants get energy from glucose by using oxygen.

5

10. Which of the following equations best represents the overall process of photosynthesis?

light energy and chlorophyll L.
A Glucose + oxygen carbon dioxide + water.
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. light energy and chlorophyll
B Carbon dioxide + water glucose + oxygen

C Carbon dioxide + water + energy — glucose + oxygen

The reason for my answer is:

1. In sunlight, a green pigment called chlorophyll binds to carbon dioxide to produce glucose and
water.

2. Plants, which contain chlorophyll, use sunlight energy to combine carbon dioxide and water to
produce glucose and oxygen.

3. The combination of glucose and oxygen under the action of chlorophyll and light energy forms
carbon dioxide and water.

4

11. Which of the following factors is least important for the process of photosynthesis?
A The amount of oxygen.
B The amount of carbon dioxide.
C The amount of chlorophy!ll.
D The amount of light.
The reason for my answer is:
1. Photosynthesis can take place without sunlight’s energy.

2. Non-green plants, such as fungi that do not contain chlorophyll or similar pigments, can also
perform photosynthesis.

3. Photosynthesis cannot take place without carbon dioxide.
4. Oxygen is not required for photosynthesis; it is a product of photosynthesis.

5

12. The most important benefit for green plants during photosynthesis is:
A Removal of carbon dioxide from the air.

B Conversion of light energy into chemical energy.
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C Production of energy.
The reason for my answer is:
1. Photosynthesis provides energy for plant growth.

2. During photosynthesis, solar energy is converted into the energy of chemical bonds and stored in
glucose molecules.

3 Leaves absorb carbon dioxide through their stomates during photosynthesis.

4

13. Which of the following comparisons of photosynthesis and respiration processes in green
plants is correct?

A Photosynthesis occurs only in green plants. Respiration occurs only in animals.
B Photosynthesis occurs in all plants. Respiration occurs only in all animals.

C Photosynthesis starts in green plants in the presence of light energy. Respiration occurs in all
plants and all animals at all times.

D Photosynthesis strats in green plants in the presence of light energy. Respiration occurs in all
plants only in the absence of light energy and always in animals.

The reason for my answer is:
1. Green plants perform photosynthesis and do not respire at all.

2. Green plants perform photosynthesis during the day and respire at night (when there is an absent
of light energy).

3. Respiration is a continuous process in all living organisms. Photosynthesis starts only when
there is light energy.

4. Plants respire when they cannot get enough energy from photosynthesis (e.g., at night); animals
respire constantly because they cannot perform photosynthesis.

5
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