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Abstract 
A major goal in biology education is often stated as developing biological literacy. The aim of this study 
is to use a complex but validated instrument to measure components of gymnasium students’ biological 
literacy, as well as determining and analysing students’ achievement levels related to biological cognitive 
competences. The results of this study show that students have good biological cognitive skills, but 
achieve lower in measures of core concepts of biology. Based on the tasks given, more difficult core 
concepts for students were related to metabolism, heredity, molecules and structures and cells. The 
interpretations arising from the use of the instrument on acquisition of biological literacy are discussed. 
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1 INTRODUCTION 
Biology is an important life science – people call upon their biological knowledge in many everyday life 
situations e.g. in health, environment and sustainability. There is a need to make decisions and solve 
problems, for example, regarding health issues or waste sorting. Recognising that a major goal in 
biology education is to develop biological literacy (BL) [1], seen as important for all people who need to 
use their biological conceptual understanding and cognitive skills in every aspect of daily life, biology 
education, therefore, needs to provide opportunities to promote this. However, scientists have directed 
much attention to revising upper secondary school biology curricula in ways that better reflect needed 
biological content and skills in real life [2], [3].  

BL has been conceptualised in the last century by Uno and Bybee [4]. However, noting there have been 
studies measuring BL [5], [6] which focus only on some aspects of BL, no instrument measures BL in 
more holistic way. With this in mind, a modified theoretical model of BL has been proposed [7] seeing 
this as an interdisciplinary concept to include biological content knowledge, core concepts, biological 
cognitive skills, the nature of biology and positive values and attitudes towards biology as well as 
biology-related careers.  

In everyday school life, teachers’ perceptions can be used to determine students’ academic 
performance, but as this can be subjective, it raises the need for well validated assessments tools. This 
study focus on developing an instrument (5-point Likert scale questionnaire), that aims to create and 
evaluate a complex BL instrument to determine the influence of an Estonian competence-based biology 
curriculum [1] on gymnasium students’ cognitive and affective aspects of BL, including their self-
perception. This study is important because this evaluates students’ academic performance, which is 
really important issue for government, teachers, and students and for parents [8]. Through measuring 
students’ achievement in biology different stakeholders (teachers, politics, and scientists) are able to 
identify the weaknesses and needs of students. 

Earlier instruments, in the form of a questionnaire, such as those by Arsad and her colleagues, were 
used to detect students’ self-perception although they cannot be used for measuring students’ 
achievement in biology, because they are based on a students’ self-perception scale and are unable to 
measure students’ achievement levels as tests are able to do [9]. However, for this study, besides a test 
of students’ biological knowledge and cognitive skills a self-perception, a questionnaire about their own 
biological knowledge and skills is also included, allowing a comparison of students’ test results with their 
own self-perception in these fields.  

Components for creating this instrument (measuring students’ biological knowledge and skills as well 
their self-perceptions) were partially taken from the LoteGym project [10], but the main components 
were taken from the Medicine Faculty entrance test in biology. This entrance test included core concepts 
from biology education (e.g. metabolism, heredity), which were expected to be taught in schools [1], 
[11], [12]. In this study, this biological literacy test using components from LoteGym project and from the 
Medicine Faculty entrance test in biology is validated using item response theory (IRT) and Rasch 
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analysis [9], [13], [14]. The IRT test and Rach model show the item difficulties, but IRT test indicates 
better items (fit), while Rasch model can help test developers to improve validity, reliability, and 
efficiency of the instruments [15]. 

The following research questions were posed:  

1 Which students’ achievement profiles can be distinguished based on the instrument? 
2 With which core concepts in biology do students find difficulties? 
3 How are students’ achievements and their self-perceptions correlated? 

2 METHODOLOGY 
The sample for this study was formed from 130 17–19 years old gymnasium students. The sample was 
collected from one school and the students were taught by the same biology teacher. The students’ 
participation in this study was voluntary. The complex instrument for the study consisted of 3 sections, 
which are described in more detail below.  

2.1 Complex instrument for measuring the components of BL 
The complex instrument for measuring the biological cognitive components of gymnasium students’ 
biological literacy test consisted of 47 items, divided into three sections: 

• the first section of the instrument measured students’ biological conceptual understanding and 
biological cognitive skills (critical thinking, problem solving, socio-scientific reasoning and 
divergent thinking) through 8 context-based tasks, including one multiple choice and 7 open 
ended questions.  

• the second section of the instrument measured students’ content knowledge and conceptual 
understanding about 7 biological core concepts (molecules and structures; cells; heredity; human 
anatomy and physiology; ecology; evolution and metabolism). These items (25) were multiple 
choice questions. 

• the third section of the instrument (14 items) measured students’ self-perception of their content 
knowledge and cognitive skills and the opinions about their biology teaching and career 
preferences at 4-point Likert scale. 

Data was collected through paper-and-pencil testing and students were given exactly 120 minutes to 
complete the paper.  

The instrument was validated by expert method of 3 independent biology education experts and the 
reliability coefficient Cronbach’s Alpha was 0.85.  

2.2 Data Analysis 
The dimensionality, reliability and difficulty of the instrument were measured using Rasch analysis in 
Mplus software.  

Correlations between different instrument sections were determined using a bivariate correlation test. 

Students achievement levels were analysed with Latent Profile Analysis, performed with the Mplus 
Editor program [16]. Latent profile analysis is a person-oriented mixture modelling analysis [17] that was 
used to distinguish students’ profiles based on the achievement levels of the test. For the evaluation of 
the overall model fit, three different fit indices were used. 

2.2.1 Model Fit Indices 
A goodness of fit indices provides recommendations of cutoff values for assessing fit in structural 
equation modeling. 

In IRT modeling p-values cannot normally be used [18]. Akaike information criterion (AIC) or the Bayes 
information criterion (BIC) can be used to perform model comparisons and the model chosen which has 
the lowest index [19].  
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3 RESULTS 
The results are structured according to the three sections developed within the instrument. 

3.1 Students’ biological conceptual understanding and cognitive skills 
The open ended results of the 1st section of the instrument were coded on a 4-point scale (0 – wrong 
answer, 1 – partially correct, 2 – correct answer, 3 – correct answer with an explanation). The results of 
the 2nd section of the multiple choice instrument were coded on a 2-point scale (0 – wrong answer, 1 – 
correct answer). In order to compare the test results of the 1st and the 2nd section, the 4-point scale 
mean results (%) of the 1st section were converted into 1-point scale.   

The mean percentage of answers in students’ conceptual understanding was 76% and in critical 
thinking, 58%, which pointed to acceptable results (over the 50%). The mean percentage of answers in 
students’ divergent thinking was 49% and in problem solving only 35%. But compared with the 
instrument’s second section, these results were deemed to be slightly better (Table 1).  

Table 1. Students’ mean score percentage of each task and task descriptions  
of the 1st section of the instrument. 

Task 
No. Task description 

Mean score 
percentage 

(%) 
N=130 

 
SD 

The 1st section of the instrument: Students’ biological conceptual understanding and their cognitive skills  

 Needed competences Content of task   

1 Conceptual understanding  The concept of lactose intolerance 84 0.37 

7 The inheritance of triplets  67 0.46 

  Average 76  

2 Critical thinking  Analysing information from the text 63 0.49 

3 Analysing information from the table 53 0.35 

  Average 58  

5 Problem solving 
 

Diagnosing the lactose intolerance 
(integrative complex task) 

32 0.38 

6 Analysing the probability of osteoporosis 
of lactose intolerant person  

38 0.31 

  Average 35  

4 Divergent thinking  Scientific creativity 46 0.28 

8 Socio-scientific decision-making and 
reasoning 

52 0.29 

  Average 49  

The 2nd section of the instrument measured more in-depth core concepts of biology. All used items (25) 
were categorised into groups based on the core concept measured (Table 2). The highest mean 
percentage of correct answers was found for evolution (52%) followed by ecology (50%), cells (49%), 
human anatomy and physiology (47%), molecules and structures (31%), heredity (28%) and metabolism 
(19%).  

6287



Table 2. Students’ mean score percentage of each item and item descriptions  
of the 2nd section of the instrument. 

The 2nd section of the instrument: students’ conceptual understanding of biological core concepts 

Item 
No. Core concept Content of tasks 

Mean score 
percentage 

(%) 
SD 

1 Cells and cell theory 
  

Unicellular organisms 70 0.46 

2 Cell theory 61 0.49 

3 Cell division 49 0.50 

4 Phases of mitosis 19 0.40 

9 Structure of mitochondria 45 0.50 

  Average 49  

 Molecules and 
structures 

   

6 Structure of DNA 6 0.24 

21 Complementarity of nucleotides 42 0.50 

18 Chlorophyll and light absorption  24 0.43 

16 Peptides – molecules and structures 33 0.47 

  Average 31  

7 Evolution  Natural selection 22 0.42 

24 Struggle for existence 82 0.39 

  Average 52  

8 Ecology Trophic levels and energy transfer 48 0.50 

23 Global warming in arctic ecosystems 51 0.50 

22 Ecological effectiveness 76 0.43 

19 Food network 25 0.44 

  Average 50  

11 Metabolism Anaerobic glycolysis 21 0.41 

14 Metabolism of proteins 4 0.21 

5 Enzymes  33 0.47 

  Average 19  

20 Heredity Genetic variance 69 0.47 

17 Division of chromosomes  10 0.31 

13 DNA mass differences during meiosis 04 0.21 

15 Amount of chromosomes during the phases 
of meiosis 

30 0.46 

  Average 28  

10 Human Anatomy and 
Physiology 

 

Necessity of phosphorous 24 0.43 

25 The importance of lactase 55 0.50 

12 Nucleotide order in human DNA – molecules 
and structures 

63 0.49 

  Average 47  

The descriptive statistics analysis revealed that the gymnasium students’ biological cognitive skills were 
at a higher level compared to their biological content knowledge (Table 1 and Table 2).  
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3.2 Rasch model  
For understanding the instrument dimensionality, a two-parameter model (2PL) and one-parameter 
(1PL) model were created using the Mplus statistical program. 

The 2PL model assumes that the data involves no guessing, but items can vary in terms of location and 
discrimination. The 1PL model assumes that guessing is a component of ability and that all items which 
fit the model have equivalent discriminators [20]. The data derived from the instrument better fits the 
1PL model as the derived H0 value is -434.312, the Akaike (AIC) is 3026.624 and Bayesian (BIC) is 
3200.794.  

The degree of discrimination, as estimated from the 34 items, varied between 0.14 and 2.64. The 
difficulty values, estimated for 34 items, varied from -2.68 to 1.03, indicating that the instrument task 
design provided a moderate fit.  

3.3 Students’ achievement profile 
The highest score in these tasks was 3 points. As a result of the study, four student achievement profiles 
(names decided according to the score mean) were detected according to their test results as indicated 
below: 

• High Achievers: students’ exhibit advanced performance when tested on skills and concepts. 

• Moderate Achievers: students’ exhibit some appropriate performance when tested on skills and 
concepts. 

• Below Moderate Achievers: students don’t exhibit appropriate performance when tested on 
skills and concepts. 

• Low Achievers: students so not exhibit any appropriate performance when tested on skills and 
concepts. 

Latent profile analysis was used to distinguish student groups based on their response profiles. The 
variables included in the analysis were based tasks which have different difficulty levels.  

3.3.1 Students’ achievement profiles of 1st part of the instrument 
The most appropriate student-derived model was chosen based on a combination of model results and 
fit statistics [21]. The 4-profile model was theoretically sound and showed the best fit was based on AIC, 
BIC, entropy (shows classification quality), and A-LMRT. The Loglikelihood H0 value is -1143.258, the 
AIC value 2382.516, the BIC value 2521.612 and for entropy 0.950.  

 
Figure 1. Student achievement profiles, based on conceptual understanding and cognitive skills.  
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Based on the results of the instrument, 4 student profiles were compiled. The graph shows that the 
percentage of high achievers is small compared with other students and the reason behind this is the 
instrument difficulty level. The differences in student achievement level was greatest in the 5th task, 
which measured students complex-problem solving skills. Moderate and high achievers attained better 
results compared with the below moderate and low achievers on this task. Overall, the 5th task was that 
most difficult in the first section of the instrument (average mean score was only 32%). 

3.3.2 Students’ achievement profiles of 2nd section of the instrument 
The most appropriate student model was chosen, based on a combination of model results and fit 
statistics [21]. The 4-profile model was theoretically sound and showed the best fit, based on AIC, BIC, 
entropy (shows classification quality), and A-LMRT indices. The Loglikelihood H0 value is -1556.599, 
the AIC value 3369.198, the BIC 3740.121 and for entropy 0.988.  

 
Figure 2. Students’ achievement profiles based on conceptual understanding of core concepts in biology.  

Based on the results of the instrument, 4-profiles of students were compiled. The percentage of the high 
achievers is small compared with others and the reason behind it is the difficulty level of the test. The 
difference between students was biggest in the 4th task (mean score 19%), that measured students 
understanding of cell theory (in more specifically it was about phases of mitosis). High achievers got 
better results compared it with other achievers. 

3.4 Students’ achievement and their self-perception 
Correlations between different instrument sections were analysed using a bivariate 2-tailed correlation 
test. For this, a Spearman correlation coefficient (Spearman’s rho) was calculated. 

Table 3. The correlations between students’ biological competences and their self-perception (N=130). 

Tasks of BL test Self-perception statements Spearman’s 
rho 

p 

1 – Conceptual understanding My knowledge of biology is good -0,171 0,052 

2 – Analysing information from the text I can make conclusions from scientific 
information 

0,071 0,425 

3 - Analysing information from the table I can use information from tables a 0,176* 0,045 

4 – Scientific creativity Biology lessons foster my creativity 0,552** 0,000 

5 – Complex  problem solving I can solve scientific problems 0,001 0,987 

6 – Simple problem solving I can solve scientific problems -0,025 0,776 

7 – Conceptual  understanding My knowledge of biology is good 0,127 0,149 
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Tasks of BL test Self-perception statements Spearman’s 
rho 

p 

8 – Socio-scientific decision making 
and reasoning 

I can use socio-scientific evidence 
reasoning decisions 

-0,120 0,174 

Section 1 total (cognitive competences) My knowledge of biology is good -0,015 0,869 

I want to continue my studies in the field 
of sciences 

-0,118 0,181 

I want to work in the science-related field    0,841** 0,000 

Section 2 total (biological content 
knowledge) 

My knowledge of biology is good 0,261** 0,030 

I want to continue my studies in the field 
of sciences 

0,338** 0,000 

I want to work in the science-related field    0,402** 0,000 
*Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 

The correlations were determined between students’ self-perception and their achievement in the 
instrument. A statistically significant (p< 0.05) correlation was found between the students analysing 
skills and between the statement about the use of information from the tables. Also, statistically 
significance (p< 0.01) was found between students’ scientific creativity and the statement that biology 
lessons improve their creativity.  

A statistically significant (p< 0.01) was found between students’ results of tasks in the 1st section and 
their desire to work in the science-related field. 

A statistically significant (p< 0.05) correlation was found between the total results of the 2nd section which 
correlated with students’ self-perception of their knowledge in biology. The results of the total 2nd section 
significantly correlated statistically (p< 0.01) with students’ desire to continue their studies in the science 
field and desire to work in the science-related field.  

4 CONCLUSIONS 
Among the biological core concepts the metabolism appeared to be the most difficult topic of biology 
and the topics of ecology and evolution were the simplest to answer for students. This shows that the 
complexity of biological concepts can also influence the results of students’ biological cognitive skills’ 
results. Students’ opinions about their biological conceptual understanding and cognitive skills did not 
accord with their actual test results as in case of very complex tasks they overestimated themselves.  

The rapid developments of new knowledge in biology influence the topics taught in school biology as 
well. Biology education should be contemporary and schools need to enhance students’ good biological 
conceptual understanding and cognitive skills. Modern biology teaching should only focus on biological 
core concepts but needs to enhance students’ competences including positive attitudes toward biology 
as well as biology-related career awareness. The changes in biological knowledge should impact only 
the students’ knowledge but it should impact and lead to change in coping with the changes. There is 
need for people, who can use their knowledge in making justified decisions and solve problems in their 
everyday life.  

Results of this study showed that students’ conceptual understanding was good but they need to 
enhance their cognitive skills, especially their complex problem solving skills. Students didn’t have good 
results in their knowledge in biological core concepts compared with the results of their biological 
cognitive skills. The reason behind it can be the new competence-based Estonian biology curriculum [1] 
which emphasises more the competences and not the factual knowledge.  

Overall, the used complex instrument of measuring the gymnasium students’ biological content 
knowledge, conceptual understanding, cognitive skills and their self-perception about these 
competences is suitable as valid and reliable and it can be suggested to use for measuring students’ 
cognitive competences of biological literacy. 
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