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Abstract

Science education is considered one of the key elements for the development of skills and
competencies for the economy and society of the 21st century. Beyond its economic
dimension, the quality of science teaching in compulsory education has a fundamental civic
dimension: in the new context, it is necessary to adopt scientific reasoning and approaches
and be able to position it in the face of political proposals whose evaluation will quite often
require future scientific knowledge. In this context, for the first time PISA 2015 provides the
results of all the Spanish autonomous communities on statistically representative samples at
the regional level. This allows a territorialized diagnosis to be made on different aspects
related to science education. In this work, we have identified a set of variables related to
instruction whose influence on student performance in Sciences has been significant. For this
reason, a multiple linear regression model has been used. This model has first been applied
to the national sample and then to the samples from the seventeen autonomous communities.
Moreover, based on PISA 2015 data, a dependent variable of a dichotomous nature has been
defined, centered on predicting if 15-year-old students will or will not have STEM professions
at 30 years of age. An analysis of Multivariate Binary Logistic Regression has been carried
out at both the national and autonomous community level. The discussion of the results
provides some reflections of interest for educational policies and teaching practices.

Keywords: PISA 2015, Science education, Performance in sciences, STEM vocation,
Educational policies, Teaching practices

1. Introduction

Science education is a key element for preparing the future of individuals and societies in
the 21st century. The emergence of what K. Shwab [1] has called the "fourth industrial
revolution" - a technological revolution that concerns physical, biological and digital systems
and their interactions - is reinforcing the importance of STEM (Science, Technology,
Engineering, Mathematics) teaching [2]. The impact of STEM on economic development and
employment, both nationally and regionally is sufficiently established [3][4][5]1[6][71[8][9]. In
this context, due to the strong link between science education and the development of both
cognitive and non-cognitive skills required by the economy and employment in the present
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century [10], the quality of science teaching in secondary education has become one of the
fundamental requirements of future education. Student orientation towards STEM options in
higher education, with a deficit in Spain that has been signaled by institutions [11], will
depend on it. This perspective has been assumed by the Organization for Economic
Cooperation and Development (OECD) in its PISA programme [12].

Beyond its economic dimension, the quality of science teaching in compulsory education
has a main civic dimension, which is also linked to the evolution of the context and has been
justified in PISA by the need for citizens to adopt scientific reasoning and approaches and to
be able to position themselves in relation to political proposals whose evaluation requires a
certain knowledge of science [11][13].

PISA 2015 has provided the results of all the Spanish regions for the first time ever
(Autonomous Communities) with statistically representative samples of the corresponding
population at the regional level. This allows territorialized diagnoses to be made for Spain on
different aspects related to science education [14], in line with the previous perspective.

Considering the recognized influence of the quality of teaching on student performance
[15][16][17], this work has identified a set of variables related to instruction, whose influence
on performance in Science has resulted significant. A multiple linear regression model has
been used for this. This model has first been applied to the national sample and to each of the
samples of the seventeen Spanish autonomous communities before proceeding to the analyses
corresponding to different subscales.

Furthermore, from PISA 2015 data, a dependent variable has been defined regarding the
forecasts of whether 15-year-old students will or will not be in STEM professions at 30 years
of age, and an analysis of Multivariate Binary Logistic Regression has been carried out, at the
national level and at the level of the autonomous communities. Together with other
independent variables, the collection of predictors used in the previous model has been
considered.

The discussion of the results has shed light on educational policies and teaching practices
for improvement and recommendations of interest for the two territorial levels considered.

2. Methodology

2.1. Samples

In the present study, the national PISA sample composed of 6,736 students and
representative of the entire Spanish population of 15-year-old students has been used.
Furthermore, the seventeen expanded samples corresponding to the autonomous communities
and statistically representative of their respective school populations of that age level have
been considered. [Table 1] presents the different extensions (N) of the regional samples, as
well as the percentages with respect to their respective populations.

2.2. Tests and questionnaires

The variables of interest in the present study have been measured through PISA tests and
some of its questionnaires [18]. In relation to the tests, [Tables 2] and [Table 3], which have
been prepared by the authors based on the information contained in the PISA 2015 database
[12] - constitute two specification tables showing the distributions of all 184 items of the
Science test by different subscales and by level of cognitive demand.
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Table 1. Extension of the samples of students corresponding to the seventeen Spanish autonomous
communities and percentage with respect to their populations

N %
Andalucia 1.813 4,6%
Aragén 1.798 4,6%
Asturias 1.790 4,6%
Islas Baleares 1.797 4,6%
Canarias 1.842 4, 7%
Cantabria 1.924 4,9%
Castillay Leon 1.858 4,8%
Castilla-La Mancha 1.889 4,8%
Catalufia 1.769 4,5%
Comunidad Valenciana 1.625 4,2%
Extremadura 1.809 4,6%
Galicia 1.865 4,8%
Comunidad de Madrid 1.808 4,6%
Region de Murcia 1.796 4,6%
Comunidad Foral de Navarra 1.874 4,8%
Pais Vasco 3.612 9,2%
La Rioja 1.461 3,7%

Source: Authors from PISA 2015 database.

Table 2. Distribution of total items in three PISA subscales related to competencies and types of
knowledge: content, procedural and epistemic

CompetencES TypE of KNOWLEDGE
Content Content Procedural | Epistemic Total
Explain Phenomena Scientifically 83 4 2 89
Physical Systems 34 1 - 35
Living Systems 30 3 - 33
Earth & Space Systems 19 - 2 21
Evaluate And Design Scientific Inquiry 1 19 19 39
Physical Systems - 9 7 16
Living Systems 1 10 7 18
Earth & Space Systems - - 5 5
Interpret Data And Evidence Scientifically 14 37 5 56
Physical Systems 4 6 - 10
Living Systems 3 18 2 23
Earth & Space Systems 7 13 3 23
Physical Systems. Total 38 16 7 61
Living Systems. Total 34 31 9 74
Earth & Space Systems. Total 26 13 10 49
Total 98 60 26 184

Source: Authors based on the information of spreadsheets C2.1 and C2.2 [18]
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Table 3. Distribution of total items by types of knowledge and scientific competences according to

their level of cognitive demand

Type Of Knowledge Cognitive Demand
Scientific Competence Low Medium High Total
Content 44 50 4 98
Explain Phenomena Scientifically 41 40 2 83
Evaluate And Design Scientific Inquiry - 1 - 1
Interpret Data And Evidence Scientifically 3 9 2 14
Procedural 9 43 8 60
Explain Phenomena Scientifically - 1 1 2
Evaluate And Design Scientific Inquiry 2 13 4 19
Interpret Data And Evidence Scientifically - - 6 29
Epistemic 3 20 3 26
Explain Phenomena Scientifically - 2 - 2
Evaluate And Design Scientific Inquiry 3 14 2 19
Interpret Data And Evidence Scientifically 4 1 5
Explain Phenomena Scientifically. Total 5 28 6 39
Evaluate And Design Scientific Inquiry. Total 42 43 4 89
Interpret Data And Evidence Scientifically. Total 9 42 5 56
Total 56 113 15 184

Source: Authors based on the information of spreadsheets C2.1 and C2.2 [18]

In order to specify the values in terms of microdata, the questionnaires used in PISA 2015
[18] have also been used here and linked to some of the variables related to the instruction
that will be used later as predictors in our multivariate regression models. These
guestionnaires have allowed us to value the following aspects:

*  Scientific vocation

*  Economic, social and cultural status (ESCS)

* Disciplinary climate in science classes

e  Teacher support in science classes of student choice

* Inquiry-based science teaching and learning practices

*  Teacher-directed science instruction

*  Enjoyment of science

Annex A of the publication mentioned above shows the complete formulation of the
different questionnaires applied in PISA 2015 [18]. The previous list of variables refers only
to a part of these questionnaires.

2.3. Variables and analysis procedures

The dependent and independent variables that have been managed in this study are listed

below:

* Independent variables: Disciplinary climate in science classes (DISCLISC), Teacher
support in science classes of student choice (TEACHSUP), Inquiry-based science
teaching and learning practices (IBTEACH), Teacher-directed science instruction
(TDTEACH), Enjoyment of science (JOYSCI), and Economic, Social and Cultural
Status (ESCS).
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*  Dependent variables: Student Performance in Science -global and by subscales- and
STEM vocation. *

As for the analysis procedures, a multiple linear regression model has been used for
relating performance in science - global and by subscales - with the independent variables
described above, for the two territorial levels considered: Spain as a whole and the
autonomous communities.

Moreover, and given the dichotomous nature of the STEM vocation variable (STEM / non-
STEM), a second model of Multivariate Binary Logistic Regression has been used, including
the previous collection of predictors plus the variables sex, ESCS and level of performance in
Science. The corresponding methodological basis [19] consists in evaluating the effect of the
factors on the outcome (predicted value). The prediction that is based on the regression model
is compared with the observed value: if it coincides, the case is considered correctly
classified; otherwise it is considered an incorrect classification. The more cases a model
correct classifies, the more explanatory it will be which is proof of the importance of the
independent variables considered when predicting the event. The fit of the model is accepted
when more than 50% of the cases are classified correctly.

3. Results

3.1. Influence on performance in Science and on its components of instruction-related
variables

The application of the first model (1) to the sample at the national level shows an
acceptable goodness of fit, with an explained variance percentage of 29% (R?*=0.29) and a
statistically significant contribution of all the predictors included. The appreciable influence
of the variable Enjoyment of science (beta coefficient=25.51) in the prediction of performance
in science, as well as of the ESCS variable (beta coefficient=22.61) should be noted. The
variables Teacher support in science classes of student choice (beta coefficient=-7.71) and
Inquiry-based science teaching and learning practices (beta coefficient=-9.37) have a
negative effect.

Performance in Science=f (ESCS, DISCLISC, TEACHSUP, IBTEACH, TDTEACH,
JOYSCI) (2).

When this same model is applied to each of the samples from the different autonomous
communities, once again an acceptable goodness of fit is observed for all of them, with small
nuances related to the differential influence of the variables introduced as predictors. [Table
4] presents a summary of the results obtained from the application of the model (1) to the
different autonomous communities. The percentage of total variance of the performance in
Science explained oscillates between 31.7% for Murcia and 22.0% for Galicia. This table
shows the direct or inverse relationship of the independent variable with the global
performance in Science, as well as its magnitude.

* STEM occupations include categories 21 (Science and engineering professionals), 25 (Information and
communications technology professionals) and 31 (Science and middle level engineering professionals) of the
International Classification Occupational Uniform, ISCO-08. Therefore, for the definition of this variable, we
chose to ignore the answers to the Health Sciences box of the corresponding questionnaire.
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Table 4. Summary of the results obtained from the application of the model (1) to the different
autonomous communities

Statistically significant variables
Disciplinar STeache: Inqglr_y—Based Teacher- Eni
Autonomous 2 y Climate . upport In clence Directed njoymen
- R ESCS . Science Classes | Teaching And . t Of
Community In Science : Science .
Of Student Learning - Science
Classes - . Instruction
Choice Practices
AndaluclA 30,3 | 20.18 6,22 -8,55 -11,82 15,13 26,41
AragON 26,5 22,96 5,035 -6,51 -9,33 11,55 22,77
Asturias 29,6 26,70 7,38 -7,25 -9,04 13,83 20,62
Islas Baleares | 25,0 | 20,34 10,72 -6,57 -7,63 9,37 23,48
Canarias 26,9 | 24,39 8,44 -11,11 -8,21 11,35 19,83
Cantabria 23,6 18,09 5,77 -6,74 -10,32 11,61 23,53
CastillaY | 555 | 1657 | 7.6 9,02 13,64 1159 2748
LeON
Castilla-La
Mancha 26,2 20,63 11,83 -9,13 -11,29 11,40 21,85
Catalufia 30,0 | 23,81 5,28 -6,82 -10,56 9,26 27,16
Comunidad | 577 | 1900 | 3,72 -4,28 -6,20 5,54 26,29
Valenciana
Extremadura | 26,6 | 18,66 4,20 -8,86 -6,96 12,07 25,60
Galicia 22,0 14,01 7,42 -6,09 -11,51 8,47 27,44
Comunidad
De Madrid 27,9 26,47 5,01 -10,97 -5,68 11,46 23,78
ReGIONDe | 517 | 2725 | 315 8,07 5,60 6,92 23,34
Murcia
com. Foral | 595 | 2531 | 533 322 973 717 24,99
De Navarra
PalS Vasco 24,6 17,66 5,13 -3,81 -7,38 4,86 25,51
La Rioja 27,9 21,31 3,38 -10,23 -7,76 11,92 26,37

Source: Authors

In order to deepen the previous results, the different subscales of competences in Science
established in PISA 2015 (Explain Phenomena Scientifically, Evaluate and Design Scientific
Inquiry, Interpret Data and Evidence Scientifically) have been taken into consideration. The
subscales of knowledge of contents (Knowledge Subscale of Science - Content), procedures
and epistemic knowledge (Knowledge Subscale of Science - Procedural & Epistemic), and
systems of science (Physical Systems - Living Systems - Earth & Space Systems) have also
been considered [20] Multiple regression models similar to the one presented above have
been used for this purpose and have been applied to the national sample. In this case, each of
the aforementioned science subscales have been considered as a dependent variable in each of
these models and the variables related to the instructional methodologies mentioned above
have been introduced as predictors, together with the ESCS. [Table 5] shows a summary of
the results of the application of the model for each of the dependent variables. The results by
autonomous communities are not presented because the differences between them have
proved to be scarcely relevant in this case.
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Table 5. Summary of the results of the application of the subscale model for the national sample

Teacher Inquiry-based
support in science
science classes | teaching and
of students learning

choice practices

Teacher-
directed | Enjoyment
science of science

instruction

Disciplinar

ESC | yclimate
S in science

classes

Subscales R?

Competency
Subscale of Science
- Explain 29.2 | 2245 4.47 -8.09 -8.82 10.92 27.75
Phenomena
Scientifically
Competency
Subscale of Science
- Evaluate and 27.4 12293 7.91 -8.71 -10.22 11.01 22.88
Design Scientific
Enquiry
Competency
Subscale of Science
- Interpret Dataand | 27.7 | 23.21 6.45 -7.43 -10.63 11.32 24.89
Evidence
Scientifically
Knowledge
Subscale of Science | 29.4 |22.24 4.67 -8.30 -9.09 10.68 271.72
- Content
Knowledge
Subscale of Science
- Procedural &
Epistemic
System Subscale of
Science - Physical
System Subscale of
Science - Living
System Subscale of
Science - Earth & | 28.5 |22.21 5.35 -7.07 -10.27 11.63 25.49
Science
Source: Authors

28.2 | 23.26 7.25 -1.47 -10.17 10.54 24.41

28.8 | 23.16 6.47 -7.50 -8.22 9.95 25.95

28.3 | 2354 6.09 -8.82 -10.60 10.47 26.05

The model has shown a good fit for all subscales, with a percentage of variance explained
between 29.2% of the Competency Subscale of Science - Explain Phenomena Scientifically
and 27.7% of Competency Subscale of Science - Evaluate and Design Scientific Enquiry. The
pattern of association of the predictors for each of the variables considered as dependent, and
identified as subscales in Table 5, has been analogous to the preceding one, which reinforces
the consistency of the model. Although the different values of R? show small variations
between them, it is the competence “Explain the phenomena scientifically” (R*=29.2) and the
“Knowledge of contents” (R?=29.4) of the variables that are best explained by our model.

3.2. Science teaching and STEM vocations

For the reasons mentioned above, it was decided to carry out a Multivariate Binary
Logistic Regression, keeping the same predictors of the previous model and adding the
variables sex and level of performance in Science, a variable that considers the 6 levels
established in PISA 2015. This modality of regression allows us to express the probability of
an event occurring (STEM/non-STEM vocation), as a function of the independent variables
considered relevant or influential.
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It can be seen that the model is statistically significant, and so is the effect of all the
variables introduced. Thus, the values of the R* statistics of Cox and Snell and R of
Nagelkerke are between 11% and 17.8% (see Table 6). The calculation of the overall
percentage correctly classified with the model yields a figure of 81.5%, that is, it is able to
correctly predict the STEM / non-STEM vocation in 81.5% of the cases. All the variables
included in the equation have a significant effect on the STEM vocation (sig. <0.05).
Additionally, odds ratios” inform us of the strength of the relationship: the further away from
1, the stronger the relationship. In our case, and in the order of the strength of the relationship
with the STEM vocation, the first variable would be sex, followed by the level of performance
in Science and enjoyment of science below. [Table 6] shows the results of applying this binary
logistic regression model to each of the seventeen autonomous communities.

Table 6. Summary of the results obtained from applying the binary logistic regression model to each of
the autonomous communities

A . Explained Variance (%) %
utonomous Sig. of classified correctl
Community model R? Cox y Snell R? Nagelkerke (global) y

Andalucia . 12.5 214 85
Aragén . 8.4 13.6 81.4

Asturias . 13.2 20.2 78
Islas Baleares . 10.2 17.1 82.7
Canarias . 6.5 11.8 86.4
Cantabria . 10.6 17.6 82.4
Castillay Leon . 8.5 13.5 80.9
Castilla-La Mancha . 8.5 14.3 82.9
Catalufia . 10.3 15.9 78.1
Comunidad Valenciana . 11.8 19.2 81.4
Extremadura . 10.4 18.3 85.7
Galicia . 14.4 22.8 81.4
Comunidad de Madrid . 13.1 19.7 76.4
Regidn de Murcia . 11.2 18.7 83.2
Com. Foral de Navarra . 13.5 21.3 81.4
Pais Vasco . 135 21 79.3
La Rioja . 134 21.8 81.5

Source: Authors

[Table 7] summarises the different variables that have been significant in relation to the
STEM vocation variable in each of the autonomous communities. It shows that there are three
statistically significant variables in all models: sex, level of performance in Science and
enjoyment of science. This result is consistent with those obtained in our previous analyses
and points to the nature of the educational policies and teaching practices on which it is
necessary to act in order to prepare Spanish society for some of the challenges of the present
century. This issue will be considered in the Discussion.

4. Discussion

The analysis of the results from the application of the first model to the different samples
reveals, in the first place, an inverse and statistically significant relationship with the

* The odds ratio is defined as the ratio between the odds corresponding to an event under a certain condition and
the odds corresponding to the same event under another conditions [19].
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performance of the variable Teacher support in a science classes of student choice for all
autonomous communities. This result, apparently counterintuitive, could be explained by the
fact that it is the students who start from a situation of greater disadvantage that generally
receive the most support.

Table 7. Summary of the different variables whose relationship with the STEM vocation variable (Yes
/ No) has been statistically significant for each of the autonomous communities

Autonomous | o Levelof | pqrg | 50y sc | TEACHS | \grEacH | TDTEACH | JOYSCI
Community Science upP
Andalucia . . . . . .
Aragén . . .
Asturias . . . . .
Islas Baleares . . . . . .
Canarias . . . . . .
Cantabria . . .
Castillay . . . .
Ledn
Castilla-La . . . . .
Mancha
Catalufia . . . . . Y,
Com. L] (] (] (] () L]
Valenciana
Extremadura . . . . .
Galicia . . . . . . .
Comunidad de . . . . . . . .
Madrid
Region de . . . . .
Murcia
Com. Foral de . . . .
Navarra
Pais Vasco . . . . .
La Rioja . . . .

It could be shocking to the staunch defenders of the “new methodologies” that Teacher-
directed science instruction presents, in a systematic way in all the autonomous communities
and for the different subscales, a direct and statistically significant relationship, while Inquiry-
based science teaching and learning practices show a relationship with performance of an
inverse nature. This result, which is aligned with that obtained by PISA 2015 for the
international sample [12] as well as by other researchers for the national sample [14], is
compatible with the evidence available in relation to the influence of different methodologies,
precisely in the field of science, on student performance [21] and, specifically, with that of
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“Project-based learning” [22]. This warns of the need to wisely manage these resources,
which are valuable for science education if they are integrated into a didactic, composed and
modular strategy that takes into account the individual needs of students and their context
variables.

Similar conclusions are drawn from secondary analyses carried out in the McKinsey & Co.
study on the data from PISA 2015, with the help of the machine learning artificial
intelligence procedure [23]. Based on the results obtained, the authors propose as generally
more favourable a mixed methodological model: “Overall, our analysis suggests that systems
should aim to balance inquiry-based methods with sufficient teacher-directed instruction to
ensure that teachers are able to explain scientific concepts clearly, and that students have
sufficient mastery of content to fully benefit from inquiry-based teaching” (p.10). However, it
is worth noting the existence of aptitude-treatment interaction [24] between the levels of
performance in Science of the different regions considered in the study - Asia, Europe, Latin
America, Middle East / North Africa and North America - and each of these two
methodological orientations, so that direct instruction is more effective in regions with lower
science performance. As the authors point out, it is very likely that for these innovative
methodologies to be effective, the student must have a sufficiently consolidated structured
knowledge that is reflected, in this type of analysis, at higher levels of scores in the PISA
tests.
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- b N
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T i Toe R Conceptual
N Knowledge

,
/
/
/
’ ,’
r .
i .
/ ;
i J e 5 T T
i . .- SN \ [l ]
i b - = \ ' 1
! / - N \ \ )
I - ~ \ | i
| / p s \ ] /
i i . N h , /
l/ 9
\

\‘ \ ,'r “. Declarative
%R | A. Verbal Knowledge d Knowledge
NN it H

Meaning

-‘:;?;-;-_u_'______gf‘" 2z
Fuente: [25]

Figure 1. A hierarchical layer model for scientific knowledge in the school environment

This tentative conclusion is consistent with a hierarchical model of scientific knowledge in
the school environment, such as the one represented through a scheme of layers in [Figure 1],
whose consequences at the level of science teaching are quite straightforward. As we have
pointed out elsewhere: “The increase in meaning - which occurs, in principle, in the direction
of increasing inclusion - defines, in fact, a round trip that also in this case is much more
similar to a cyclic process than to a linear one. Thus, the gain of conceptual meaning
improves verbal knowledge, the application of the concepts improves their meaning, which in
turn improves verbal knowledge, etc. [25]. This conceptual model, which emerges from
science education, is compatible with the scheme proposed on broad empirical bases from
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psychology [26] by the US National Research Council [27]for the cognitive skills and
abilities of the 21st century.

Regarding the conclusions derived from the application of the Multivariate Binary Logistic
Regression models, a detailed analysis of [Table 7] allows us to guide the most plausible
decisions made by educational administrations to operate on those variables that are
susceptible to intervention, either by policymakers, or by schools themselves. Thus, for
example, in the two extreme cases of [Table 7] - Aragon and the Community of Madrid, the
Community of Madrid could consider the largest possible number of ‘malleable’ predictors -
that is, those on which one can intervene, whose association with the STEM vocation has
proved significant for all of them; while Aragon could try to focus on improving the level of
performance in Science and on the enjoyment of students with scientific learning.

The fact that the association between the variable STEM vocation and the variables level of
performance in Science, enjoyment of Science and sex has been significant for all autonomous
communities, suggests that reflection is needed on how to act on each of these three
predictors. In previous works [28][29] researchers suggested a set of educational policies and
teaching practices that would probably increase STEM vocations. Some of them are
compatible with the new empirical evidence generated from a multivariate approach in this
study.
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