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1 Introduction 

Learning of science is a lifelong journey, as any researcher would attest. History of science shows 

that scientific paradigms themselves change if newly discovered, empirical observations fail to 

support the existing theoretical concepts. Especially in natural sciences, this can manifest as a crisis 

and force the researcher to reject their prior assumptions pertaining to the paradigm. Ultimately, 

this can lead to what Thomas Kuhn (1970) described as scientific revolution of which some notable 

examples are the shifts in the models of solar system. In the field of biology, a fairly recent 

revolution has concerned the so-called central dogma of gene expression and protein synthesis 

(Shapiro, 2009). Something akin to these grand revolutions takes place daily in the minds of 

individuals, a process called conceptual change. 

Conceptual change represents learning in which existing concepts undergo revision, re-assignment 

or even abandonment (Chi et al., 1994; Vosniadou, 2013). Science education has long 

acknowledged that learning and understanding some concepts require more effort and intervention 

than learning others. For example, the scientifically accurate model of spherical Earth is 

challenging for children to acknowledge and understand (Vosniadou, 1994). This intriguing 

problem has been at the heart of research on conceptual change. Scientific concepts and 

phenomena pose challenges for learning especially if the prior knowledge structures of the learner 

are incompatible. These incompatibilities are commonly called misconceptions or naïve 

conceptions, and they can occur on several different levels of understanding  (Chi, 2008, 2013). 

Many different theoretical approaches have been devised to explain the persistence of some 

misconceptions (e.g. Chi et al., 1994; diSessa, 2013; Vosniadou, 2013). Students need to 

reorganize their conceptual models and even ontological categories, especially when the normative 

scientific theory presents a counterintuitive option to the naïve theory held before (Vosniadou, 

2013). 

Misconceptions held by biology students both in high school and undergraduate level are well 

documented (Griffiths & Grant, 1985; Köse, 2008; McLure et al., 2020; Parker et al., 2012; Wynn 

et al., 2017). Because of the complexity of certain concepts and phenomena, and perhaps partly 

because of the way they are being taught at pre-university level, students come to undergraduate 

courses with varying levels of prior knowledge and misconceptions. Cellular respiration, 
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photosynthesis, and Darwinian evolution are among the most challenging topics in biology for 

students at any level of education (Ummels et al., 2015). Concepts related to these phenomena are 

often counter-intuitive to the learner’s naïve framework of knowledge (Inagaki & Hatano, 2013). 

Photosynthesis and respiration are seen as mere opposite reactions focusing on the substrates and 

products while failing to describe the processes of energy conversion (Bergan-Roller et al., 2020; 

Özay & Öztas, 2003; Ummels et al., 2015). Darwinian evolution is not understood thoroughly 

because students fail to appreciate natural selection as a mechanism in the emergent evolutionary 

process (McLure et al., 2020). 

Considering how abundant these challenges are, it is striking that at the same time these topics 

arguably represent some of the most fundamental processes and phenomena in the field of biology 

and life sciences. Some of the most urgent natural emergencies we now face are directly related to 

these topics. Photosynthesis powers the remarkable biodiversity seen on Earth and is fundamental 

to energy transfer in ecosystems. Thus, intricate understanding of cellular mechanisms of 

photosynthesis and its systemic implications is vital for solving challenges in sustainable 

agriculture (Janssen et al., 2014). In turn, integrating concepts of energy transfer to functional food 

webs and complex ecosystems is necessary to attain a holistic view of these systems. These 

essential school biology topics are at the heart of successful conservation efforts and procedures 

to mitigate the effects of climate crisis, habitat loss and rate of extinction (Griffiths & Grant, 1985; 

Mambrey et al., 2020). 

Traditionally, conceptual change research has focused on children in elementary school or 

adolescents in high school, but emerging evidence suggests that the field needs to expand to cover 

the professional career setting as well. Conceptual change is needed in modern working life 

(Boshuizen et al., 2020). Therefore, it is especially important to identify and refute misconceptions 

of university students who go on to become experts, teachers, and researchers in their own fields. 

Future experts in life sciences will hold a crucial role in resolving many of the threats imposed by 

the climate crisis or discovering root causes and treatments to devastating diseases. Thorough 

investigation of the underlying processes is thus warranted. 
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2 Theoretical Background 

Science education research has a long and colourful history, and it is a multidisciplinary field with 

influences ranging from developmental and cognitive psychology to more domain-specific 

approaches. Current paradigms draw from works of  Kuhn (1970) and Piaget (1970) but many 

other perspectives have been adopted too (Strike & Posner, 1982; Vosniadou, 2013). Yet, since 

the days of Piaget, constructivist learning theories have continued to underlie conceptual change 

research (Duit & Treagust, 2003; Potvin et al., 2020).  Thus, I will briefly explain the main tenets 

of constructivism. 

2.1 Constructivist Theory of Learning 

The theory has foundations in cognitive psychology and draws from Jean Piaget’s work which 

described processes of assimilation and accommodation (Vosniadou, 2013). Piaget was a French-

Swiss biologist and developmental psychologist who studied the nature of knowledge and its 

construction from an epistemological point of view. He formed his theories mainly by studying 

children’s cognitive development and how knowledge structures are constructed in their minds 

(Ültanir, 2012). Piaget postulated that knowledge construction happens via two processes. Either 

prior knowledge allows for assimilation of new concepts to existing structures, or the explanatory 

power of the existing knowledge structures is inadequate and thus, they need to be accommodated 

in the learner’s mind by replacement or reorganization when learning new concepts (Posner et al., 

1982; Ültanir, 2012). 

Importantly, constructivism does not represent a theory of pedagogy but a theory of learning. 

Educators may adopt a constructivist view on learning processes but the theory itself gives no 

explicit instructions (Barrett & Long, 2012; Ültanir, 2012). Constructivism attempts to describe 

the processes through which learning occurs; by assimilating novel concepts to the existing 

structures, or by constructing new mental models which often requires replacement of prior ideas 

and reorganization of prior frameworks. The epistemological stance of constructivism is based on 

the idea that all learning occurs by actively building on existing knowledge. Thus, the theory puts 

heavy emphasis on active learning and the role of prior knowledge structures (Barrett & Long, 

2012; Smith et al., 1994). 
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2.2 Role of Prior Knowledge on Conceptual Change 

According to the constructivist view, the nature of the students’ existing concepts can heavily 

influence the learning process. An intriguing scenario arises if we consider two students in a 

classroom being taught the same phenomenon. Both have previously attained some related 

knowledge and now carry this to the classroom. One student adopts and assimilates the new models 

with relative ease while the other struggles to properly meet the learning outcomes. The 

explanation may well be found in the differences between the two students’ components of prior 

knowledge and this clearly presents an apparent paradox (Sinatra & Mason, 2013). Hence, prior 

knowledge can clearly have contrasting effects on learning. 

Several studies have shown that prior knowledge is strongly correlated with improved academic 

performance in future studies (for review, see: Dochy et al., 1999). This facilitatory power, 

however, depends on the type of prior knowledge and its components (Hailikari et al., 2007). 

Learning may become hindered if the information the students try to learn conflicts with their prior 

concepts and ideas. These conflicting ideas are still widely referred to as misconceptions although 

the relevance of the term has been contested (Maskiewicz & Lineback, 2013). By definition, the 

term misconception implies that these prior ideas are merely incorrect. This simplistic 

characterization does not take into account the many potential nuances and dimensions that 

conflicting prior knowledge entails (Chi, 2013). While I acknowledge the problems associated 

with the term, it is still an inherent part of conceptual change research. In this thesis, the term 

misconception refers to prior ideas or conceptions that conflict with the current normative 

scientific understanding. 

How is it then, that misconceptions can manifest in several forms and influence learning in multiple 

ways? This is because concepts can belong to different ontological categories which possess their 

own unique hierarchy. Two such major such categories are entities (or matter) and processes which 

are further divided into subcategories with unique dimensions (Chi, 2013; Chi et al., 1994). Entities 

are objects or substances that can be contained and have a mass, whereas processes are emergent 

or sequential events that occur over time. According to Chi (2013), knowledge can be 

misconceived in two ways based on how the prior ideas relate to the correct dimensions in this 

hierarchy of categories. When an incorrect concept is within the same ontological category, 

knowledge is misconceived in an inaccurate sense. For example, a student might state that in 
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cellular respiration, oxygen is converted into ATP. The inaccurate concept (oxygen conversion) is 

within the appropriate dimension of sequential processes (cell respiration). In contrast, when the 

prior knowledge possesses correct attributes, but some belong to an entirely different and 

inappropriate ontological category, the knowledge is misconceived in an incommensurate sense. 

If a student describes plants as autotrophs being able to produce their own energy, the concept of 

autotroph has incorrect dimensions. 

Inaccurate knowledge tends to be more straightforward to refute. Sole false beliefs can be corrected 

with direct confrontation, and flawed cognitive mental models can be transformed (Chi, 2013). In 

the previous example, the mental model of cell respiration needs to be transformed to include 

concepts of oxidative phosphorylation and electron transport chain. Schematic illustrations of 

these events would show the student that oxygen, is not in fact, directly converted to ATP leading 

to conceptual change. Knowledge that is misconceived in the incommensurate sense is much more 

challenging to confront. These kinds of misconceptions are persistent as their correction requires 

cognitive reassignment and shifting of concepts between ontological categories or even creating a 

whole new schema to accurately represent the phenomena in question (Chi, 2013). It can also be 

tedious to identify the underlying structure of the misconception. In the example of understanding 

autotrophs as capable of producing energy, the misconception could occur anywhere from not fully 

understanding the process of photosynthesis or viewing the concept of energy in the wrong 

ontological category. Conceptual change takes place when the student successfully reorganizes 

their knowledge according to the correct, normative view (Chi, 2013). 

The nature of prior knowledge structures is clearly an essential factor in successful learning. An 

obvious implication of this fact is that researchers, as well as educators, need to be aware of the 

blueprints of these structures. However, researchers are not unanimous in this regard and two 

leading theories have reached prominence in the field. Broadly put, one views prior knowledge 

structure as coherent framework and aptly refers to this as framework theory (Vosniadou, 1994). 

The other suggests that knowledge consists of collections of individual elements, or 

phenomenological primitives (p-prims), a position of “knowledge in pieces” (diSessa, 2013). In 

their review, Özdemir & Clark (2007) provide a clear-cut comparison of the two approaches. The 

most significant differences between the two approaches are found in the way they view the 
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structural properties of prior knowledge, disagreements over the learner’s consistency across 

domains and the quality of the conceptual change process itself (Özdemir & Clark, 2007). 

According to the framework theory, students already possess a coherent knowledge framework 

into which new concepts are integrated. These alternative frameworks can be logically coherent 

even though they contain information which is regarded incorrect in light of the scientific 

understanding (Vosniadou, 1994, 2013). In biology, this becomes evident in children’s naïve 

frameworks which are anthropocentric and equipped with limited biological reasoning (Inagaki & 

Hatano, 2013). These frameworks of naïve biology are shaped through school years, but many 

adults still hold some conceptions embedded in them (Inagaki & Hatano, 2013). This view 

postulates that total replacement of erroneous knowledge is not necessary and rarely even takes 

place. Students create synthetic models and conceptual representations of phenomena. They argue 

that this theory adequately accounts for the fragmentation of representations we often witness in 

learners (Özdemir & Clark, 2007; Vosniadou, 2013). The implication of the “knowledge in pieces” 

view is that the p-prims are not organized as a cohesive theory and can be utilized in a more 

contextual manner (diSessa, 2013; Smith et al., 1994).  

2.3 Aims of the Study 

The prevalence of misconceptions in key biological topics was a motivating force behind the 

research of this thesis. I focus on analysing what is the level of knowledge among undergraduate 

biology students prior to university studies and what kind of misconceptions they hold. The 

students’ understanding of photosynthesis coupled with cellular respiration, primary production in 

an ecosystem, and Darwinian evolution were evaluated by a test in fall 2019 and again in fall 2020. 

By studying the development of the students’ performance, I aimed to see whether conceptual 

change takes place during the first year of university studies. I explored three main research 

questions: 

1. What is the level of prior knowledge of undergraduate biology students at the beginning of 

their studies? 

2. How does the students’ understanding about photosynthesis and respiration, primary 

production in an ecosystem, and process of evolution change during the first academic 

year? 



 

9 

3. What kind of misconceptions do the students hold at the beginning of their studies? 

3 Materials and Methods 

3.1 Participants 

All participants were enrolled in the Bachelor’s Programme in Biology in the Faculty of Biological 

and Environmental Sciences at the University of Helsinki in the fall of 2019. Out of the 41 students 

included in the study, 39 (95.1%) were female and 2 (4.9%) were male. The mean age of the 

participants was 23.7 (SD = 7.8) and the range was from 19 to 64. Most students (n = 30; 73.2%) 

had no academic background nor had completed any previous studies at a university. Eleven 

students (26.83%) had either been enrolled in another undergraduate programme or completed 

some university courses before. 

The study followed the ethical principles and instructions set by the Finnish National Board on 

Research Integrity (TENK). At the beginning of each test session, the students were provided a 

chance to read the research aims of the study as well as the permission statement from TENK. The 

students had a chance to withdraw from the study at any point and we made this clear to them. All 

answers were anonymized by randomly assigning a number code to track the performance of 

individual students. The results did not affect the grading of the students in any of the 

undergraduate courses and did not count towards any course assignments. 

3.2 Test Design 

The students’ prior knowledge and current level of conceptual understanding were evaluated using 

a questionnaire which the students completed in an exam-like setting in a lecture hall. The pre-test 

measurement was conducted in September 2019. The same questionnaire was repeated a year later 

in September 2020 (post-test measurement). Students answered either in Finnish or Swedish. The 

time allocated for the test was 60 minutes. Participation in the test was a compulsory part of a 

course on professional skills, but giving the data for the research was voluntary. 

The questionnaire consisted of eight open-ended tasks which aimed to evaluate the students’ 

understanding of three major biological phenomena: cellular respiration coupled with 

photosynthesis, the role of plants and primary production in an ecosystem and the process of 
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Darwinian evolution (Table 1). The tasks were designed to assess the students’ knowledge at four 

different levels of complexity based on the model developed by Hailikari et al. (2007). In this 

model, prior knowledge is measured by four components: knowledge of facts, knowledge of 

meaning, integration of knowledge, and application of knowledge. The tasks assessing the 

declarative knowledge of facts and meaning required simple recognition and enumeration while 

the tasks assessing the procedural integration and application of knowledge required broader 

synthesis of concepts and problem solving (Hailikari et al., 2007). Task 1 referred to a video 

animation that simulates authentic carbon cycling of a medium-sized pine tree in Southern Finland 

in the summer. This animation was projected to the front screen of the lecture hall and ran through 

the duration of the test. Task 2 provided no supplemental material. The material for task 3 was a 

collage of images of various plant species growing in markedly different environments.  

Table 1. 

Test Tasks, Their Knowledge Components and Maximum Scores. 

Number and Task Knowledge Component 
Maximum 

Score 

1a 
Name the element whose movement is 

illustrated in the video. 
Knowledge of facts 2 

1b 
Name the two intracellular processes 

associated with the element and its movement. 
Knowledge of meaning 4 

1c 
Shortly explain the processes you named in 1b 

on the cellular level. 
Integration of knowledge 15 

2a 
Explain the role of plants in the ecosystem 

from the viewpoint of food chains. 
Application of knowledge 15 

2b 

Explain the role of plants in the ecosystem 

from the viewpoint of atmospheric 

composition. 

Application of knowledge 15 

3a 
In one word, name the phenomenon which the 

plants in the collage are an indicator of. 
Knowledge of facts 2 

3b 
List the central components for the 

phenomenon you named in 3a. 
Knowledge of meaning 4 

3c 
Explain the phenomenon you named in 3a as a 

process. 
Application of knowledge 20 
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The tasks reflected central learning objectives of the Finnish high school syllabus. As the entrance 

exam to the program is based on the contents of the whole syllabus, participants were expected to 

be able to provide answers already in the pre-test. Students wrote their answers to the test paper 

where the answer space of each task was constrained by designated lines. The number of lines in 

the task space reflected the scope of the answers the students were expected to provide. 

3.3 Data Analysis 

The questionnaires were analysed with a mixed methods approach where quantitative scoring was 

combined with qualitative content analysis of misconceptions. All answers were scored based on 

evaluation criteria and a model answer scoring matrix which were designed by PhD Ilona 

Södervik, doctoral student Heidi Kettunen, and me. The contents were independently validated by 

two university lecturers from the Faculty of Biological and Environmental Sciences. Corrections 

were made according to the feedback. In 2019, I analysed the answers together with Heidi 

Kettunen. Cross-validation of answer evaluation was performed for each task using Cronbach’s 

alpha as a measure of internal consistency. The coefficients obtained per task were 1: α = 0,993; 

2: α = 0,845; 3: α = 0,932, which reflected reliable uniformity in our scoring. On this scale, one 

would represent perfect consistency and values below 0.5 represent unacceptable inconsistencies. 

In 2020, I analysed the answers using the same evaluation criteria and scoring matrix as the year 

before. 

Three of the tasks measuring integration and application of knowledge were analysed for 

misconceptions: 1c, 2a, and 3c. In results and discussion, I will refer to these tasks as PhotoRes, 

PlantEco, and Evolution, respectively. In addition, the most common incorrect answers of all tasks 

were described. However, I chose to leave the task 2b out of this analysis after I had conducted the 

scoring and read all answers carefully. The quality of the answers in 2b was generally rather poor.  

The content analysis of misconceptions was both data-driven and based on the literature in which 

misconceptions related to these phenomena have been reported. I used Chi's (2013) framework of 

categorizing misconceptions into four sub-types: false beliefs, flawed mental models, category 

mistakes and missing schema (Table 2). In the answers, descriptions of processes were the main 

proxy to provide insight into the students’ conceptual understanding. The words and nomenclature 

the students used revealed general patterns and consistencies in their mental models. 
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Table 2. 

Categorization of Misconceptions and Descriptions of Their Qualitative Content 

Type of 

misconception 
Description Student Exemplar 

False beliefs (I) 

Incorrect single ideas. 

 

Imprecise nomenclature or 

terminology. 

“In electron transfer chain the 

movement of electrons creates 

ATP energy.” 

“Plants transfer energy to the 

next plants.” 

Flawed mental 

models (I) 

Inaccuracies in the consistent internal 

representation of a concept. 

“Plants take carbon dioxide in 

order to produce oxygen and 

sugars.” 

Category 

mistakes (II) 

Student may use correct terminology 

but has assigned the scientific concept 

to an incorrect ontological category. 

“Organisms must develop 

adaptive mechanisms in the 

course of evolution.” 

Missing schema 

(II) 

Students lack knowledge of an 

alternative category, or schema, and 

explain processes based on the schema 

they previously know. 

“Evolution is based on ‘survival 

of the fittest’, the best adapted 

survive.” 

Note. This categorization follows Chi’s (2013) hierarchy of knowledge misconceived in the inaccurate 

(I) or incommensurate (II) sense. 

The test scores were normally distributed. Due to the small sample size, methods of statistical 

analysis were carefully chosen, and effect sizes were measured in all analyses. The mean scores 

of the pre-test (2019) and the post-test (2020) were compared using paired samples Student’s t-

test. To measure the relationship between presence of misconceptions and performance, Pearson’s 

chi-squared test was used. I analysed the difference in performance between students who 

harboured incommensurate misconceptions in the pre-test and those who did not. Finally, I 

analysed the difference in performance between students who harboured no misconceptions in the 

post-test and those who did. These last two were conducted using repeated measures analysis of 

variance (ANOVA). I conducted all statistical analyses using IBM SPSS Statistics 27 and Rstudio. 
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4 Results 

Based on the mean scores, the students performed rather poorly in the pre-test (Table 3). Of the 

maximum of 77 points, the lowest and highest scores attained were 10.5 and 40.5, respectively. 

Many struggled to interpret the video animation of task 1, as 51.2% incorrectly identified the 

element as oxygen. However, most students correctly identified both photosynthesis and 

respiration in 1b (87.8%). Four answers (9.8%) paired photosynthesis with some other process, 

such as “cell death” or “evaporation”. Most answers to 1c described the processes in terms of 

reactants and products and correctly named sites of events. Higher scores were awarded when the 

answers included certain chemical details of specific reactions such as the role of NADH and the 

proton gradient in creating ATP. 

Students scored low in the questions requiring application of knowledge (2a, 2b, 3c). The poorest 

performance was in 2b (M = 2.80; SD = 1.31) with the highest score just 6 points of total 15.  In 

2a (PlantEco) all students identified plants as primary producers or autotrophs. Remarkably, 48.8% 

did not mention sunlight as the energy source in their answers to 2a. Some students consistently 

mentioned chemosynthesis or other autotrophs when elucidating energy flow in the food webs. 

While the details they presented were partly correct, it was not the aim of the task. Task 3 

(Evolution) posed challenges to students. The phenomenon in 3a was correctly identified by most 

students (68.3%) as adaptation or evolution. The most common incorrect answer given was 

“biodiversity”, and some other notable answers were “life” and “photosynthesis”. The majority 

(70.7%) listed one to three correct terms out of the required four in task 3b (Table 4). The most 

common ones were mutations and natural selection.  

4.1 Development of the Students’ Performance 

Students generally performed better in the follow-up questionnaire (Table 3; M = 4.20; SD = 7.88 

t(41) = 3.41; p = .001; d = 7.87). The mean score of all individual tasks rose, except for 3b. The 

differences between students decreased in the post-test. Thirteen students scored lower in the post-

test. When the scoring of the tasks measuring integration and application of knowledge only was 

analysed, the same result followed. Among these 13 students the score dropped, on average, 5.23 

points (range 0.5–13.5). 
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Table 3. 

Mean Scores and Other Descriptive Statistics of All Tasks in Both Pre-test and Post-test. 

Taska Mean SD Min Max 

 Pre Post Pre Post Pre Post Pre Post 

1a (2) 0.83 0.88 0.92 0.87 0 0 2 2 

1b (4) 3.71 3.90 0.84 0.63 0 0 4 4 

1c (15) 4.90 5.23 2.22 1.58 0.5 1 12.50 8.25 

2a (15) 4.38 4.99 2.03 2.15 1 1.5 9.0 10.0 

2b (15) 2.80 3.93 1.31 2.08 1 1 6 9 

3a (2) 1.44 1.83 0.87 0.54 0 0 2 2 

3b (4) 1.78 1.76 1.28 1.02 0 0 4 4 

3c (20) 4.02 5.49 3.07 3.28 0 0 10 13 

Total 23.86 28.05 7.45 5.98 10.50 15.75 40.50 37.75 
aThe maximum score of the task is indicated in parentheses. 

***p = .001 

Performance in the four tasks assessing the declarative knowledge of facts and meaning varied 

(Table 4). In PhotoRes, the share of students incorrectly identifying oxygen in 1a decreased, while 

the share of correct answers, carbon, decreased slightly as well. Answers reading carbon dioxide 

increased. Some students changed their answer from correct “carbon” in the pre-test to incorrect 

“oxygen” or partially correct “carbon dioxide” in the post-test. Students performed well in 1b in 

both tests. Only one student gave an incorrect answer in both tests. The answer was “light and dark 

reactions” which still connected to photosynthesis. In 3a, 10 students did not identify the correct 

phenomenon in the pre-test and scored zero points, while in the post-test the number reduced to 

three. In 3b, the amount of incorrect answers decreased slightly, probably following the trend seen 

in 3a. However, only one student identified all four key terms in the post-test as opposed to four 

students in the pre-test. 

 

 

*** 
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Table 4. 

Performance in the Tasks Assessing Declarative Knowledge in Both the Pre-test and Post-test. 

Task Incorrect (%)a Partially correct (%) Correct (%) 

 Pre Post Pre Post Pre Post 

1a 51.2 43.9 14.6 24.4 34.1 31.7 

1b 2.4 2.4 9.8 0.0 87.8 97.6 

3a 24.4 7.3 7.3 2.4 68.3 90.2 

3b 19.5 12.2 70.7 85.4 9.8 2.4 

aIncorrect refers to student scoring 0 points. 

4.2 Misconceptions 

Most students held some misconceptions in both tests. Eight students (19.5%) had no 

misconceptions in any of their answers in the pre-test, and 11 students (26.8%) in the post-test. 

Only three students held no misconceptions in either test. All types of misconceptions were present 

in the answers of both tests but not uniformly (Figure 1). False beliefs and flawed mental models 

were common in the pre-test, and about half of the students still harboured some false beliefs in 

the post-test. The presence of false beliefs found in all three tasks increased by 9.7% in the post-

test, though the increase was not statistically significant (p = .376). In the pre-test, the rarest 

misconception was missing schema detected in 9.8% of answers (n = 4) whereas their share more 

than doubled in the post-test. The greatest reduction was seen in flawed mental models (22%; p = 

.023). 

Many students demonstrated simplified understanding in their pre-test answers: 

Plants are usually the producers of an ecosystem and are thus at the start of the 

food chain. (id90; PlantEco; pre-test) 

Plants adapt to their environment, and natural selection favours survival 

supporting traits such as enduring aridity. (id51; Evolution; pre-test) 

In photosynthesis carbon dioxide and water are converted into carbohydrates 

and oxygen with the aid of light. While in cell respiration carbohydrates and 

oxygen are converted into carbon dioxide and water to release energy. (id56; 

PhotoRes; pre-test) 
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The score of the previous student (id56) improved in the post-test as the answer became more 

focused: 

In photosynthesis the plant, in various chemical reactions and with the aid of 

enzymes, converts carbon dioxide and water into sugar and oxygen in a 

chloroplast. The binding energy in the sugar is received from the light energy of 

the Sun. While in cell respiration sugar and oxygen are converted into water 

and carbon dioxide in the mitochondria. Both events are extremely complicated 

chemical reactions. (id56; PhotoRes; post-test) 

Now the student incorporated some finer details, such as the cellular sites and a mention of 

complexity, though the wording and the structure of the answer remained remarkably similar. The 

underlying ontological category persisted. The substrate tracing was still crudely simplified and a 

Figure 1 

Frequency of Misconceptions Among Individual Students 

Note. Each type of misconception is calculated just once per student (N = 41) 

*p = .023 

* 
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false belief regarding the sites of action in respiration was also revealed. Conceptual change did 

not take place, as there were no misconceptions identified in the pre-test answer. 

The types of misconceptions were distributed quite unevenly across the three different topics in 

both tests (Figure 2). False beliefs and flawed mental models were heavily represented in the 

answers to PhotoRes and PlantEco. The most common misconceptions in PhotoRes were false 

beliefs (56.1%; n = 23; p < .001). Many students settled to state the processes of photosynthesis 

and respiration merely from the viewpoint of input and output. These mainly resulted from students 

confusing reactants and end products or using incorrect terminology in descriptions of chemical 

processes: 

[…] In dark reactions glucose is produced out of water with the help of electrons 

from the light reactions. (id59; PhotoRes; post-test) 

Figure 2 

Occurrence of Misconceptions Across the Three Topics of the Test 

Note. Each type of misconception is calculated just once per student (N = 41) 

***p < .001 

*** 
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Only one student held a missing schema in PhotoRes in the pre-test. This student did not identify 

respiration in 1b and could not distinguish the processes of photosynthesis and respiration from 

each other. In the post-test the same student understood the main function of photosynthesis to be 

the production of oxygen and did not describe the process of respiration: 

The pine takes carbon dioxide from air and uses it as a building block with the 

help of sunlight. On the cellular level couple distinct cycles (citric acid, dark 

reaction) and the process produces oxygen, sugars, and water. (id58; PhotoRes; 

pre-test) 

Flawed mental models occurred mostly in PlantEco (39%; n = 16) and they mainly stemmed from 

students understanding the role of plants simply as food for consumers: 

The role of plants is extremely important as no heterotroph can thrive without 

the nourishment received from plants. Food chains would be very poor and only 

those organisms that feed on other autotrophs than plants would thrive. (id88; 

PlantEco; pre-test) 

Plants are the foundation of food chains. Herbivores are food for smaller 

carnivores which in turn are food for larger carnivores. (id 50; PlantEco; post-

test) 

Most of the missing schemata were detected from answers to Evolution. The missing schema in 

all these narratives was revealed to be natural selection: 

“[…] New traits yield different opportunities in diverse environments and this 

creates competition. As a result of this competition, some traits thrive, and 

others are eliminated.” (id86; Evolution; post-test) 

Even though this student (id86) scored higher from this particular task in the post-test, the 

underlying misconception in their understanding of evolution persisted. 

Based on their answers, few students experienced conceptual change. Successful transformation 

of flawed mental models in PlantEco was the most prominent example (31.7% in pre-test; 12.2% 

in post-test). In Evolution, two students experienced conceptual change through schema creation. 

The other student’s (id62) answer illustrates this well: 

“Evolution is a process that describes how organisms strive to adapt to the 

prevailing conditions. […]” (id62; Evolution; pre-test) 
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“Evolution is a continuous process that will never finish. Organisms are in 

constant interaction with their environment and they adapt to prevailing 

environmental conditions through natural selection. […]” (id62; Evolution; 

post-test) 

The mean score increased in the post-test, but so did the share of incommensurate misconceptions. 

There was no clear relationship between the presence of incommensurate misconceptions and 

performance in the post-test (Table 5; χ2 = 0,196; df = 1; p = .453). 

Table 5. 

Presence of Incommensurate Misconceptions According to How the Students Scored in the Post-

test. 

 Incommensurate Misconceptions in the Post-test 

No Yes Total 

Score in 

Relation to 

Mean of 

Post-test 

Below Mean Count 12 8 20 

% 46.2 53.3 48.8 

Above Mean Count 14 7 21 

 % 53.8 46.7 51.2 

Total  Count 26 15 41 

% 100 100 100 

Surprisingly, students with some incommensurate misconceptions in the pre-test seemed to have 

a higher mean score than those without and the increase in their mean score was greater (Figure 

3). However, the association was not statistically significant (p = .387). Eleven students harboured 

no misconceptions in the post-test. Out of these eleven students, eight had misconceptions in the 

pre-test which means that some form of conceptual change took place among them. They 

performed better in both tests (Figure 4). Absence of misconceptions in the post-test was related 

with better performance in both tests (p = .016). 
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5 Discussion 

This study aimed to explore the level of prior knowledge of undergraduate biology students, and 

identify misconceptions held by them. Great variation existed in the prior knowledge levels of 

undergraduate biology students at the University of Helsinki in the beginning of their studies. The 

quality of most pre-test answers was surprisingly poor, and the answers lacked descriptions of 

several concepts and processes that are key components of the Finnish high school biology 

syllabus. This was particularly striking since the acceptance to the bachelor’s program was 

determined by an entrance exam which was based on the learning objectives of the high school 

syllabus. Thus, the scoring criteria of this test design were designed to reflect knowledge that the 

students were expected to have at the beginning of their studies. The entrance exam was held at 

the end of May 2019, so it is likely that over the summer break, students forgot many details and 

processes that would have earned them a higher score in the pre-test. Poor success in the tasks 

measuring integration and application of knowledge seems to suggest that in studying for the 

entrance exam, many students mostly learnt the contents by memorizing details and facts. 

*p = .016 

Figure 3 

The Development of Mean Scores in Relation to 

the Presence of Incommensurate Misconceptions 

in the Pre-test 

Figure 3 

The Development of Mean Scores in 

Relation to the Absence of Misconceptions in 

the Post-test 

* 

Incommensurate misconceptions 

Note. There is no significance between the 

difference in the mean scores between the two 

groups (p = .387) 
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During the first academic year the students’ understanding of all topics generally improved. In the 

post-test, most students’ answers became more encompassing and detailed. This indicated that 

many students acquired knowledge during the first academic year, and in some cases even 

successful conceptual change took place. The diversity of concepts in the answers did expand over 

the course of the first year and many students employed more scientific terminology in the post-

test. However, it seems the students generally did not deepen their understanding as the 

improvements in scores were not as great as expected. Use of sophisticated terms did not cloud 

the fact that many students clearly lacked the framework for profound understanding of these 

complex phenomena. Many of the post-test answers failed to mention certain key terms or concepts 

highlighted in the scoring matrix which lead to score loss. In the simple recall and enumeration 

tasks, some students interestingly changed their correct pre-test answers in the post-test. 

A major finding was that those students who demonstrated no misconceptions in the post-test 

performed better in both tests. As this group also scored high and above the overall mean in the 

pre-test, their prior knowledge levels were more comprehensive. Most of the students in this group 

harboured misconceptions in the pre-test, and these were mainly false beliefs and flawed mental 

models. As they did not demonstrate any misconceptions in their post-test answers, they 

successfully learnt key concepts through conceptual change. False beliefs and flawed mental 

models are conflicting in the inaccurate sense, which makes them more susceptible for change 

(Chi, 2013). 

A substantial obstacle to conceptual change stems from a topic being counterintuitive to our 

preconceived ideas. Incommensurate misconceptions tend to be the most robust and challenging 

to refute because they are caused by assignment of attributes to different ontological categories or 

missing certain schema altogether (Chi, 2013; Vosniadou, 1994). Thus, it is no surprise that in this 

study these misconceptions were stable and persistent. The share of these misconceptions 

increased during the first academic year. Especially misconceptions related to missing schema 

were only revealed in the post-test measurement, as students provided more detailed answers 

where the correct concepts were not successfully incorporated to the students’ mental models. This 

raises some concerns regarding the teaching in the first-year undergraduate courses. These 

concerns are no news to researchers as undergraduate courses are known to be ineffective in 

addressing certain misconceptions (Parker et al., 2012; Södervik et al., 2015). Incremental 
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knowledge restructuring takes place in the first semester, but targeted teacher interventions are 

rare (Pearsall et al., 1997). 

5.1 Student Conceptions About Photosynthesis, Respiration, and Primary 

Production 

It is well known among researchers that the topics of photosynthesis and respiration are 

challenging for students. On top of this, there is a clear gap between the level of understanding the 

university teachers expect students to have and the actual quality of knowledge the high school 

provides (Parker et al., 2012). Undergraduate students overwhelmingly demonstrate patterns of 

linear organization in their cognitive models of cellular respiration (Bergan-Roller et al., 2020). 

This is alarming, since the processes of respiration are widely interconnected with outputs of many 

branch points acting as inputs of other feedback cycles. Similar patterns are seen in students’ 

reasoning concerning photosynthesis. There seems to be limited ability to integrate molecular 

details to the larger context of autotrophy and its importance for energy flow in the ecosystem 

(Parker et al., 2012). 

Results presented in this thesis are consistent with these previous findings. False beliefs and flawed 

mental models were the most common types of misconception found in both PhotoRes and 

PlantEco. This indicated that the students’ prior knowledge of these topics was mainly organized 

in the correct ontological categories. The answers demonstrated that most students know the 

overall reaction governing these processes but fail to properly trace the elements and their relation 

to energy conversion. Finnish high school textbooks tend to focus on the reaction formula without 

elaborating on how the processes relate to each other. Similar observations have been made in the 

United States (Parker et al., 2012) and Turkey (Özay & Öztas, 2003). 

Small inaccuracies and mistakes also became more prominent in the post-test. Some students 

referred to by-products as molecules the cell builds in the reactions. In contrast to what Köse 

(2008), Parker et al. (2012) and Özay & Öztas (2003) found, no student in this study misconceived 

ATP as the product of photosynthesis or referred to the processes as simple gas exchange events. 

The nature of the incorrect ideas present in the answers was encouraging. False beliefs and flawed 

mental models were prevalent but as previous research has shown, they are also easier to refute 

and reform (Chi, 2013; Posner et al., 1982). These misconceptions did not necessarily affect the 
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students’ score as they could still present the correct ideas and thus be awarded. Using terminology 

engrained in the ontology of processes is a strong sign that the students are capable of integrating 

the scientific categories into their own representations (Barak et al., 1999; Southard et al., 2016). 

Although there was notable variation in the identification of the element carbon presented in the 

video animation task 1a, students successfully made the connection to photosynthesis and 

respiration. Even the incorrect answers identified photosynthesis or elements of it. As the 

animation showed a pine tree and the question guided to think about cellular processes, this is not 

surprising. The animation clearly showed a more pronounced influx of particles into the tree and 

yet many students identified this particle as oxygen. It is hard to deduce what guided their thought 

processes in this regard. The share of oxygen as an answer did decrease in the follow-up which is 

a good indicator. It is understandable that so many students would answer carbon dioxide as it is 

the gas molecule that moves in and out of the leaves. However, these students did not read the task 

carefully, as it clearly requested to write down an element. 

The prior knowledge about ecosystem dynamics that high school provides, lacks some crucial 

concepts as shown by the pre-test answers to PlantEco. Underlining mental models are clearly 

revealed to be organized linearly as food chains. In high school, the representation of an ecosystem 

tends to be taught in the model of a food chain together with the trophic pyramid. This can lead to 

unfortunate misconceptions if students’ mental models are not equipped with the concepts of 

multiple pathways populations can affect one another (Griffiths & Grant, 1985; Mambrey et al., 

2020).  

Students struggled to provide coherent and analytical answers which required application of 

knowledge. It almost seems like the sentence “plants are autotrophs” was produced automatically 

and reflected only knowledge of facts. Further discussion of the meaning of the term autotroph 

was lacking. Previous studies have also demonstrated that students often view the role of plants as 

source of food and oxygen for animals, the consumers (Köse, 2008; Parker et al., 2012). This 

relates to a larger educational issue called plant blindness (Wandersee & Schussler, 1999). Botany 

is notoriously unpopular as a specialization route for undergraduates, and this is also the case at 

the University of Helsinki. Many students ignored solar energy in their answers completely. 

Perhaps students thought describing plants as autotrophs or producers already implies the role of 
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solar energy. Yet, many of these answers remained superficial mainly because of this assumption. 

The concept of energy is notoriously difficult for young students to comprehend (Vosniadou, 

1994). 

5.2 Student Conceptions About Evolution and Natural Selection 

The theory of evolution contradicts our common-sense ideas in three cognitive realms: 

teleological, essentialist, and intentional reasoning (Evans, 2013; Medin & Atran, 2004). These 

relate to the strong tendency of humans to explain natural phenomena with goal-oriented, 

anthropocentric view which belongs to the framework of naïve biology (Evans, 2013; Inagaki & 

Hatano, 2013). It is not surprising that Darwin himself was not fully appreciated in his time and 

because of this psychological ontogeny, theory of evolution continues to pose challenges to 

students and teachers alike (Evans, 2013). Misconceptions about the nature of natural selection 

persist both after high school and even in biology undergraduate courses (McLure et al., 2020; 

Nehm & Reilly, 2007). The results presented in this thesis align with these previous findings. 

At the same time, this topic revealed persistent incommensurate misconceptions of which some 

only occurred in the post-test. Students developed so called synthetic models in which the new 

concepts were integrated into the misconceived prior knowledge without the student’s awareness 

of the conflict (Vosniadou, 1994). This becomes especially evident in the descriptions of process 

of evolution. While the basic mechanism of natural selection and adaptive processes were correctly 

described, the students failed to understand how random mutations accrue and give rise to genetic 

variation which is necessary material for natural selection to work on. Natural selection as an 

emergent process turned out to be the missing schema for many students. Teleology and 

intentionality were evident in the students’ underlying ontological models. In recent studies, 

similar results have been found (Alred et al., 2019; McLure et al., 2020). Students exhibited 

teleological thinking if they assigned some agency to the processes guiding adaptive evolution 

(Evans, 2013). In these studies, natural selection was deemed as the missing schema in the 

student’s overall conceptions (McLure et al., 2020). While teleology is an appealing way to explain 

process of adaptive evolution, it does conflict with the scientific view of natural selection (Alred 

et al., 2019). 
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Another central feature in the answers of both tests was the description of evolution as a linear set 

of discrete steps which has been reported before among undergraduates (Nehm & Reilly, 2007). 

Although this was not assigned as a misconception, it is worth to note that this kind of thinking 

relates to the previously described cognitive biases (Evans, 2013). In the pre-test, some students 

explained evolution solely based on individual external pressures or conditions, such as predation 

or competition within the same species, while some explained evolution from the point of view of 

speciation and how geographic isolation leads to it. These students did attain a more encompassing 

view based on their answers in the post-test.  

5.3 Limitations of the Study 

The small sample number was a clear shortfall of this study. A contributing factor to this was the 

covid-19 pandemic that made the University of Helsinki impose restrictions and recommendations 

of social distancing in the fall term of 2020. The number of students willing to physically join the 

post-test measurement was likely affected by the restrictions. This challenging situation also 

affects the general applicability of the results. Respondent fatigue is a well-reported challenge in 

qualitative questionnaire studies (Ben-Nun, 2008). Participants of this study simply might not have 

bothered to provide as detailed answers in the post-test as they had in the pre-test even if their 

knowledge and understanding would have supported this. Some students provided correct answers 

in the pre-test but then changed them in the post-test. It is interesting to speculate whether 

conversations with course colleagues after the pre-test affected this decision. 

In hindsight, the test design could have been improved. The wording of the tasks clearly did not 

encourage students to provide as elaborate answers as intended. Thus, the task instructions could 

have been more detailed. Instead of just amount of lines, the maximum score of each task might 

have given the students a better idea of the depth of the answer. The simplified descriptions 

provided in many answers probably resulted in an underestimation of frequency of 

misconceptions. In future studies, structured interviews and refutational texts could be used to 

target and analyse misconceptions more precisely. 

Task 3 (Evolution) turned out to be challenging for students. Performance in this topic was diverse 

and the quality of answers to the task highly varied. The task 3a expected students to identify 

adaptation or evolution as the phenomena presented by the collage image of flowers and then 
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describe said phenomena. If students provided an incorrect answer, they inevitably failed to 

describe what was expected of them. In the post-test more students did answer 3a correctly, and 

generally their answers gained depth and details in 3c. While the mean score of this task increased 

the most out of all the tasks measuring application of knowledge, it also exhibited the greatest 

variation. However, writing down “adaptation” in 3a did not necessarily award them with many 

points in 3c. While they coherently described the conditions and processes of biological adaptation, 

the scoring criteria emphasized the mechanism of natural selection and evolution on both the 

micro- and macroscale. As a whole, the scores do not necessarily reflect the general levels of 

understanding about the process of evolution.  

5.4 Educational Implications and Future Perspectives 

International research on science education and learning is diverse and interest in the work keeps 

increasing (Potvin et al., 2020). Among others, Binder et al. (2019) have shown that identifying 

and categorizing prior knowledge structures and misconceptions can lead to effective instructional 

interventions. Prior knowledge structures and learning profiles are good predictors of academic 

success by proxy of grades, for example (Flaig et al., 2018; Sinatra & Mason, 2013). Many 

previous studies have shown that with the proper educational approaches and interventions, 

learning of difficult topics is improved and conceptual change can be achieved (Binder, 

Schmiemann, et al., 2019; Flaig et al., 2018; Pearsall et al., 1997; Södervik et al., 2015). 

In this study, there were no controlled interventions as the implicit effect of the first academic year 

was explored. While challenges of longitudinal research make this rare, science education could 

benefit from more such studies. Future research could focus on studying how well the topics of 

the courses in the first year are understood at the start of the second year. This study identified 

clear challenges in student’s understanding about certain central biological phenomena. To 

confront these challenges, educational planners and lecturers in the Bachelor’s Programme in 

Biology at the University of Helsinki could specifically address the most pervasive misconceptions 

demonstrated here. This is especially relevant to the courses that deal with these topics. Teaching 

photosynthesis and respiration cannot just rely on pouring more complex details on the students’ 

mental models which clearly lack the conceptual framework of multifaceted processes to begin 

with. 
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While this study categorized misconceptions within distinct topics, the reformation of those 

misconceptions does not need to be limited to separate courses about the topics. One of the first 

major courses in the curriculum at the University of Helsinki is on evolutionary theory and history 

of life, and yet, this topic saw an increase in misconceptions of the incommensurate sense. As 

biologists, all teachers at the university level should acknowledge, for example, that most students 

have naïve and unscientific mental representations of Darwinian evolution. These representations 

are persistent and often require repeated interventions (Evans, 2013; McLure et al., 2020). This 

makes it especially important to incorporate teaching about difficult concepts whenever possible 

and relevant, regardless of the topic. Thus, fostering the pedagogical skills of university lecturers 

is essential. 

Paying attention to conceptual change in undergraduate education is relevant, yet often overlooked 

in practice. In biology, many central phenomena are complex and require comprehensive systems 

thinking. If prior misconceptions are not addressed with proper instructional interventions, 

students may hold them in further studies or even in their professional careers. Although the 

cognitive underpinnings of learning have universal applicability, there exists a strong need for 

domain specific research in a local setting. To date, there are few studies documenting 

misconceptions in the Finnish university setting. The results presented here will hopefully inspire 

further research and serve to guide educators towards designing targeted instructional interventions 

in topics where misconceptions are prevalent. 
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