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Claus H. Carstensen e 

a DIPF | Leibniz Institute for Research and Information in Education, Frankfurt am Main, Germany 
b Centre for International Student Assessment (ZIB), Germany 
c Leibniz Institute for Science and Mathematics Education (IPN), Kiel, Germany 
d Max Planck Institute for Human Development, Berlin, Germany 
e Otto-Friedrich University Bamberg, Bamberg, Germany   

A R T I C L E  I N F O   

Keywords: 
PIAAC literacy 
PIAAC numeracy 
General cognitive skills 
Validity 
Large-scale assessments 

A B S T R A C T   

This study aims to investigate how test scores from PIAAC (Programme for the International Assessment of Adult 
Competencies) can be interpreted, by comparing the PIAAC competencies literacy and numeracy to reasoning 
and perceptual speed. Dimensionality analyses supported, that the PIAAC competencies can be separated into a 
common factor overlapping with reasoning and perceptual speed, and domain-specific factors. For the common 
and specific factors, relations to other variables were analyzed. The nested factor for PIAAC literacy was as 
expected unrelated to age, positively related to learning opportunities during one’s lifetime, and positively 
related to literacy skill use. The nested factor for PIAAC numeracy was also as expected unrelated to age, against 
expectation unrelated to learning opportunities during one’s lifetime, and as expected positively related to 
numeracy skill use. Results support the validity of the intended test score interpretation for PIAAC literacy, while 
results for PIAAC numeracy were less clear.   

1. Introduction 

International studies, such as the Programme for the International 
Assessment of Adult Competencies (PIAAC; OECD, 2016a), focus on the 
assessment of competencies, such as literacy and numeracy, among 
others. Competencies are important for competent handling of everyday 
situations. They are assumed to represent outcomes of educational 
processes that may occur inside and outside of schools (OECD, 2016a; 
Prenzel, Walter, & Frey, 2007). Hence, such competencies should be 
learnable, and educational settings offer learning opportunities for their 
acquisition. In turn, educational processes and systems can be evaluated 
by the assessment of learners’ competencies (Klieme & Leutner, 2006; 
Klieme, Hartig, & Rauch, 2008). International studies were designed 
exactly for this very purpose, namely, to inform policy makers about 
strengths and weaknesses of the educational system (OECD, 2016a, 
p.16). 

A central critique on large-scale assessments such as PIAAC or the 
OECD Programme for International Student Assessment (PISA; OECD, 
2016b) concerns the cognitive test constructs (Hopfenbeck et al., 2018). 

What the tests actually assess was addressed in several studies on stu-
dent data (Brunner, 2005; Nagy, 2006; Saß, Kampa, & Köller, 2017; see 
for a review: Baumert, Lüdtke, Trautwein, & Brunner, 2009). These 
results can, however, not be simply transferred to the adult population, 
targeted in the PIAAC study. The goal of the present study is therefore to 
investigate how test scores from PIAAC literacy and PIAAC numeracy 
can be interpreted by focusing on differences to test scores from 
reasoning and processing speed. The meaning of test scores is estab-
lished by considering two sources of validity evidence (American 
Educational Research Association, American Psychological Association 
& National Council on Measurement in Education [AERA, APA, & 
NCME], 2014): Evidence based on the internal structure and evidence based 
on relations to other variables. 

2. PIAAC competencies, reasoning, and processing speed 

2.1. PIAAC competencies 

PIAAC competencies are understood as “key information-processing 
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skills” (OECD, 2016a, p. 16) that should enable respondents to partici-
pate in society and to master everyday life situations. Because success in 
everyday situations can depend on a variety of involved skills and 
cognitive processes (Klieme et al., 2008), competencies are character-
ized by complexity. Therefore, assessments confront test takers with 
contextualized tasks (cf. OECD, 2016a). In contrast, assessments of 
general cognitive skills such as reasoning (e.g. matrices tasks; Raven, 
2000), ask for more general and abstract skills. PIAAC literacy tasks 
require for instance reading. Reading in turn is based on various pro-
cesses such as word identification, construction of word meaning, short- 
and longtime memory, but also on working memory and drawing in-
ferences (Kintsch, 1998). Hence, competence tasks require besides skills 
that are very specific to the task (e.g. word identification), also general 
skills (e.g. working memory). This is why overlaps between these two 
types of assessments – competencies and general cognitive skills – 
apparently exist and the added value of assessing competencies as it is 
done in large-scale assessment studies is discussed (Brunner, 2005; 
Nagy, 2006; Rindermann & Baumeister, 2015; Rindermann, 2006, 2007; 
Saß et al., 2017). 

PIAAC competencies are assumed to be learnable and to be based also 
on knowledge (OECD, 2016a, p.16). Whether this intended interpretation 
of PIAAC competencies holds is investigated in the present study. Given 
the complexity of competencies and the various skills that are involved 
in the accomplishment of competence tests, as well as overlaps with 
general cognitive skills, the validity of the test score interpretation 
should be investigated by focusing on differences between PIAAC 
competencies and two general cognitive skills: reasoning and processing 
speed. 

2.2. Reasoning and processing speed 

Reasoning and processing speed are considered as components of 
general cognitive skills and are also targeted in classical ability theories 
(Carroll, 1993; Cattell, 1963; Horn, 1965; see for an overview McGrew, 
2009). Classical ability theories distinguish fluid and crystallized skills. 
Research on brain structures and functions supports this classical 
distinction into fluid and crystallized skills (Nisbett et al., 2012; Waltz 
et al., 1999). Fluid skills, such as reasoning, are required to solve novel 
problems by drawing inferences or identifying relations. They are not 
based on acquired knowledge but on elementary processes such as 
processing speed (Schweizer & Koch, 2002). Processing speed, such as 
perceptual speed, describes the skill to perform easy tasks which contain 
over-learned elements automatically (McGrew, 2009). While fluid skills 
require controlled mental operations, these elementary processes can be 
performed automatically. Crystallized skills describe acquired knowl-
edge, for instance in terms of language, and the application of this 
knowledge. When it comes to assessment, crystallized skills are assumed 
to be best assessed when specific knowledge needs to be applied, and 
fluid skills are best assessed when knowledge provides no advantage for 
performance tests (Cattell, 1963, p. 3), for instance when tests contain 
either novel or overlearned elements (Horn & Cattell, 1966, p. 255). In 
contrast to reasoning and processing speed, the PIAAC competencies 
literacy and numeracy are understood in the present study as containing 
also crystallized aspects as they are assumed to be learnable and based 
on acquired knowledge. This classical differentiation into fluid and 
crystallized skills provides a conceptual frame for the predictions in the 
present study. 

3. Validation approach for PIAAC competence test scores 

The present study collects validity evidence for the intended test 
score interpretation by investigating sources of validity evidence for 
PIAAC competencies always in comparison to the constructs reasoning 
and processing speed. This approach is chosen because PIAAC compe-
tence tasks require various skills, skills specific to the domain such as 
reading/numerical skills, but also general, domain-independent, skills. 

It is assumed that the constructs reasoning and processing speed differ 
from PIAAC competencies in aspects that are central to the intended test 
score interpretation described above. They serve therefore as compari-
son to derive conclusions regarding the validity of the intended test 
score interpretation. The goal is to investigate whether scores from 
PIAAC competencies tests can be interpreted as representing domain- 
specific skills that can be acquired. Dimensionality analyses are used to 
separate domain-specific aspects in PIAAC competencies from general 
aspects and contribute to validity evidence based on the internal structure 
(AERA, APA, & NCME, 2014). The interpretation of the separated as-
pects – as being domain-specific – should be validated by relations to 
other variables for which clear expectations exist based on theoretical 
assumptions and empirical findings. If the from reasoning and process-
ing speed separated aspects fulfill the expected relation, validity evidence 
based on relations to other variables is collected for the intended test score 
interpretation (AERA, APA, & NCME, 2014) of the PIAAC competencies. 
The focus in the present study is on construct interpretation, the ques-
tion on whether differences in test scores of the PIAAC competence tests 
literacy and numeracy can be interpreted as differences in the targeted 
construct. 

3.1. Dimensionality 

Already classical ability theories used hierarchical models for 
different mental abilities, with a common factor which captures what all 
have in common, and more specific factors at the lower level (see Car-
roll, 1993; Vernon, 1965). Since competence constructs and general 
cognitive skills are assumed to overlap, such an approach is chosen in 
several studies to investigate the validity of test score interpretations of 
competence constructs assessed in large-scale assessments. In those 
studies, common aspects between competence items beyond the items 
they were compared to – often reasoning items – are interpreted as 
domain-specific factors. For student data, such domain-specific factors 
were found (Baumert et al., 2009; Brunner, 2005; Nagy, 2006; Saß et al., 
2017). However, previous results on student data cannot necessarily be 
transferred to older populations or to the competence tests used in 
PIAAC. 

3.2. Relations to other variables 

3.2.1. Age decline 
Various studies investigate the relation of cognitive abilities to aging. 

Across studies, speed was found to be related to a strong age decline 
(Hartshorne & Germine, 2015; Lang, Weiss, Stocker, & von Rosenbladt, 
2007; McArdle, Hamagami, Meredith, & Bradway, 2000; Verhaeghen & 
Salthouse, 1997). Age decline is also reported for reasoning (Horn & 
Cattell, 1967; Verhaeghen & Salthouse, 1997), while knowledge-based 
skills such as vocabulary knowledge declined very late or were even 
unrelated to age (Hartshorne & Germine, 2015; Horn & Cattell, 1967; 
Lang et al., 2007). More general predictions regarding the decline of 
abilities are made by classical ability theories, in which fluid aspects are 
assumed to decline with age to stronger extent than crystallized aspects 
(cf. Horn & Cattell, 1967). More recent literature supports that fluid 
reasoning, crystallized abilities, and also processing speed have different 
growth patterns (Li et al., 2004; McArdle, Ferrer-Caja, Hamagami, & 
Woodcock, 2002). Supporting this distinction, Blair (2006) concludes 
that the prefrontal cortex, where fluid abilities are located, declines 
more rapidly than other brain areas. Reasons for a general cognitive 
decline are seen in the rate of information processing and processing 
speed (Baltes, Lindenberger, & Staudinger, 2006; Salthouse, 1996), 
which can explain changes in fluid reasoning (Zimprich & Martin, 
2002). Tucker-Drob (2011) identified global but also specific changes 
for domains such as reasoning and processing speed. 

3.2.2. Learning opportunities 
Empirical studies show that schooling has impact on acquired skills 
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such as reading skills (Crone & Whitehurst, 1999; Gustafsson, 2016; 
Rasmusson, Albæk, Lind, & Myrberg, 2018; Sulkunen & Malin, 2018), 
while differences in schooling are also related to differences in intelli-
gence (Becker, Lüdtke, Trautwein, Köller, & Baumert, 2012; Ceci & 
Williams, 1997; Guill, Lüdtke, & Köller, 2017). These effects also remain 
in adulthood (Clouston et al., 2012; Ritchie, Bates, Der, Starr, & Deary, 
2013). Effects from schooling on both – intelligence measures such as 
fluid reasoning, but also on measures that contain also acquired skills 
classically referred to as crystallized skills – are not surprising when the 
relationship of fluid abilities, such as reasoning, and crystallized abili-
ties, such as acquired knowledge, is considered. Reasoning explains high 
amounts of variance of later educational achievement (Deary, Strand, 
Smith, & Fernandes, 2007). According to investment theory (Cattell, 
1987), fluid intelligence describes a “general power” (p. 138) that in-
fluences crystallized skill levels in the future together with personality 
and motivation (Cattell, 1963). Schweizer and Koch (2002) emphasize 
that this relation is established through learning. Although Ferrer and 
McArdle (2004) conclude that the relationship of fluid and crystallized 
skills is much more complex than initially thought, they support the 
importance of fluid skills for achievement. If effects of education on 
different skills are compared, effects of education were rather on crys-
tallized knowledge than on fluid skills (Finn et al., 2014) and rather on 
knowledge than on elementary processes (Ritchie et al., 2013). Also a 
meta-analysis (Ritchie & Tucker-Drob, 2018) supports, that education is 
related to the performance in achievement tests (directly related to what 
is taught at school) and typical IQ tests. If effects were compared, they 
were rather larger on the group of achievement tests than on the group 
of IQ-tests. 

4. Hypotheses 

The first step of the present study is to investigate the dimensionality 
of PIAAC competencies when analyzed together with reasoning and 
processing speed. If domain-specific skills influence test results of the 
PIAAC competence tests, a model with additional nested factors should 
describe the data better than a single factor. Since PIAAC competencies 
are assumed to be learnable and to be based also on knowledge, it is 
expected that test scores from PIAAC literacy and numeracy represent 
beyond what they have in common with reasoning and processing speed also 
individual differences in domain-specific skills (Hypothesis 1). 

Given results support this separability, a common factor of PIAAC 
competencies with reasoning and processing speed should be inter-
preted as representing rather general aspects of cognitive skills that are 
close to what is classically referred to as fluid abilities. The nested, 
domain-specific factors, in turn, are assumed to represent rather 
domain-specific skills and to be close to what is classically referred to as 
crystallized abilities. The validity of this intended interpretation of the 
nested factors is investigated by analyzing relations to other variables 
(AERA, APA, & NCME, 2014). 

Since cognitive decline seems to be different for fluid and crystallized 
abilities, different relations to age are expected for the factors separated 
in the dimensionality analyses. The common factor is assumed to cap-
ture global cognitive decline, as it represents common aspects between 
PIAAC competencies with reasoning and processing speed. Domain- 
specific decline should be captured by the nested factors. Based on 
predictions from theory and empirical findings we expect for PIAAC 
competencies that - beyond the relation of the common factor to age - the 
domain-specific factors are unrelated to age (Hypothesis 2). This would 
support that PIAAC competencies assess beyond their overlaps with 
general cognitive skills rather crystallized aspects and strengthens the 
intended test score interpretation of test scores from PIAAC compe-
tencies as assessing domain-specific knowledge. 

In order to investigate whether PIAAC competencies can be inter-
preted as being learned and as representing domain-specific aspects, we 
expect for PIAAC competencies that - beyond the relation of the common 
factor to learning opportunities during one’s lifetime - the domain-specific 

factors are positively related to learning opportunities during one’s lifetime 
(Hypotheses 3). If this was not the case, PIAAC competencies would not 
be affected by learning opportunities above the general effect on general 
cognitive skills, the common basis of all tests. If competencies contain 
domain-specific acquired skills, they should be related to learning 
opportunities. 

The domain-specificity of competencies assessed in large-scale 
assessment studies is questioned by large correlations between do-
mains (at the country-level) and between ratings on the content of the 
domains (Rindermann, 2006; Rindermann & Baumeister, 2015). Hence 
we also address the question of whether the nested factors represent 
domain-specific aspects. Persons who perform competence tasks in daily 
life more frequently might be better at performing those tasks (Hart-
shorne & Germine, 2015; Nisbett et al., 2012). However, also the other 
direction is possible that persons who are better in certain competencies 
tend to select those tasks in everyday life more frequently. Although no 
direction should be taken on in this study, how nested factors relate to 
domain-specific variables should be considered to describe whether the 
nested factors describe domain-specific aspects. We expect for PIAAC 
competencies that - beyond the relation of the common factor to the use of 
competence specific skills in daily life - the domain-specific factors are posi-
tively related to the use of competence specific skills in daily life (Hypotheses 
4). 

5. Method 

5.1. Sample and procedures 

A subsample of German PIAAC 2012 participants completed in 2015 
the computer-based PIAAC literacy and numeracy tests (German PIAAC 
longitudinal study; GESIS – Leibniz Institute for the Social Sciences, 
German Socio-Economic Panel (SOEP) at DIW Berlin and LIfBi – Leibniz 
Institute for Educational Trajectories (2017); Rammstedt, Martin, Zabal, 
Carstensen, & Schupp, 2017), and in 2016 a test for perceptual speed 
(SOEP Symbol-Digit-Test; Schupp, Herrmann, Jaensch, & Lang, 2008) 
and a reasoning test (number series test; Engelhardt & Goldhammer, 
2018). Data from N = 903 respondents who completed one or both of the 
PIAAC competence assessments (random assignment), the 
Symbol-Digit-Test, and the number series test, were available for ana-
lyses. From those participants, n = 447 were male and n = 456 were 
female. Further information concerning the design of the PIAAC-L study 
can be found in Rammstedt et al. (2017). 

5.2. Measures 

5.2.1. Performance tests 
PIAAC literacy tasks1 contain continuous and non-continuous texts 

and PIAAC numeracy tasks2 require responding to mathematical prob-
lems in real contexts (OECD, 2016a, p. 18). Each test included 49 items, 
which were administered in a two-stage adaptive test design (Kirsch & 
Yamamoto, 2013, pp. 10) so that each respondent worked on 20 items 
per competence domain (Zabal, Martin, & Rammstedt, 2017). Three 
variables, education level, being a native speaker, and the passing score 
on the computer-based assessment core tasks (cf. OECD, 2016a), 
increased the probability that the respondent received a testlet appro-
priate to their skill level and were, thus, included as auxiliary variables 
(Enders, 2010) into the data analyses. Items were dichotomously scored. 
Fitting 2-parameter IRT models in Mplus (Muthén & Muthén, 2015) 
revealed that all literacy items (M = .62, SD = .10) and all numeracy 
items (M = .59, SD = .12) each loaded significantly on a latent ability 

1 For example items, see www.oecd.org/skills/piaac/Literacy%20Sample% 
20Items.pdf (accessed February 13, 2021).  

2 For example items, see www.oecd.org/skills/piaac/Numeracy%20Sample% 
20Items.pdf (accessed February 13, 2021). 
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factor. 
To represent fluid reasoning, a number series test (McArdle & 

Woodcock, 2009) was used. All of the 15 dichotomously scored items 
loaded significantly on a latent ability factor (M = .69, SD = .11). For 
perceptual speed, respondents had to recode symbols (Symbol-Digit test; 
Schupp et al., 2008) and the sum of correct digits within three time 
intervals was treated as indicators for the analyses. All three indicators 
loaded significantly on a latent factor (M = .86, SD = .05). 

5.2.2. Background variables 
Variables that were included in the data analyses for Hypotheses 2–4 

are described in the following. The age of the participants in the 
assessment in 2015 was between 19 and 69 years (M = 42.57, SD =
13.61). To capture learning opportunities in both formal and informal 
settings, three different aspects should be covered: For formal settings, 
these are the quality of education and the length of attending educa-
tional settings, as they seem to impact adult literacy and numeracy 
performance (Gustafsson, 2016; Sulkunen & Malin, 2018). Quality of 
education was an eight-level variable which describes the highest ob-
tained level of formal education, from primary, lower secondary, upper 
secondary, post-secondary (non-tertiary) degrees and four different 
tertiary degrees, which were professional, bachelor, master and research 
degree (M = 4.26, SD = 1.74). To describe the length of schooling, the 
number of years that the respondents have spent in educational settings, 
school or professional, was used (M = 14.54, SD = 3.10). To also capture 
informal settings, the number of books at home when the respondents 
were 16 years old was used (6 categories; M = 3.33, SD = 1.41). To 
assess skill use, respondents were asked on a scale from 1 to 5 how often 
they visit libraries, book stores, or look for books online (M = 3.71, SD =
1.02) and whether they use their mathematical skills or need to deal 
with numbers during work (yes: n = 631, no: n = 101). 

5.2.3. Data analyses 
Data was analyzed using Mplus (Muthén & Muthén, 2015). Struc-

tural equation models with categorical items were applied using the 
MLR estimator. Three variables were responsible for adaptive testlet 
selection (education level, native speaker, computer-based assessment 
core score). Disregarding these variables when modelling the data 
would mean that missingness depends on unobserved data violating the 
missing at random (MAR) assumption. Because more able respondents 
tend to receive harder items and less able respondents receive easier 
items, theta estimates would be underestimated for able and over-
estimated for less able respondents. To account for that, we included 
those variables that were responsible for testlet selection as auxiliary 
variables into the analyses, making the assumption justifiable that the 
not-administered items were MAR. In this case, the MLR estimator is 
adequate to handle missing data that resulted from the adaptive test 
design of the PIAAC competence tests. According to Enders (2010), 
correlations should be preferred to predictors, as they do not change the 
interpretation of the estimates. Correlations of the three variables for 
testlet selection with the latent factors, and among each other, were 
included in all models. 

For investigating Hypothesis 1, various models were tested and 
compared. First, a common factor for all four performance tests was 
modeled. For modeling nested factors, bifactor-(S – 1) models were used 
as they are advantageous regarding anomalous results, such as high 
standard errors leading to invalid conclusions, vanishing specific factors, 
or irregular loading patterns (Eid, Geiser, Koch, & Heene, 2017; Eid, 
Krumm, Koch, & Schulze, 2018). In those models, nested factors for all 
domains but the reference domain are modeled, which can be chosen 
based on theoretical assumptions and goals. In the present study, fluid 
reasoning was chosen as reference domain because it is assumed to 
represent best what all tests have in common. Second, we modeled 
nested factors for literacy, numeracy, and perceptual speed, and tested, 
third, a more parsimonious model, which did not contain a separate 
nested factor for perceptual speed. A four-dimensional model with four 

latent factors for all four performance tests (literacy, numeracy, 
reasoning, and perceptual speed) serves as a reference for the interpre-
tation of loadings. In this model, all latent factors were allowed to 
correlate with each other. 

Explanatory analyses (Hypotheses 2–4) are based on the best fitting 
model from the model comparisons. Age was included in all models as a 
predictor, as it is likely that cohort effects, such as different learning 
opportunities for different cohorts, influence the effects of opportunities 
to learn. While age and variables for learning opportunities were 
included as predictors (Hypotheses 2 and 3), skill use variables (Hy-
potheses 4) were included as correlating variables, because no effect in 
one direction was assumed between variables describing the skill use 
and competence in the respective domain. For the skills use variables, 
the polarity of effects was inverted so that positive correlations indicate 
that a more frequent use is related to higher scores on the latent factors. 
For a better interpretation of the results, we show also the relation of all 
background variables from Hypotheses 2–4 to the four latent factors 
from the four-dimensional model (cf. Table 4). 

6. Results 

6.1. Dimensionality analysis (Hypothesis 1) 

To approach the dimensionality analyses, four CFA models were 
fitted. The results of all models are presented in Table 1. Fig. 1 shows the 
nested factor model with three nested factors. 

According to the information criteria (AIC, BIC, and the sample-size 
adjusted BIC), the model with three nested factors fitted the data best 
supporting that PIAAC competence items represent common aspects 
beyond their overlaps with the reasoning and perceptual speed test 
(Hypothesis 1). The literacy (σ2 (SE) = 2.88 (1.00), p = .004) but not the 
numeracy factor (σ2 (SE) = 5.61 (3.65), p = .124), explained the shared 
variance between the items beyond the common factor. Also the com-
mon factor (σ2 (SE) = 4.39 (1.08), p < .001) and perceptual speed factor 
(σ2 (SE) = 0.54 (0.04), p < .001) explained significant variance com-
ponents. A couple of items did not load significantly on their nested 
factors (4 for literacy and 21 for numeracy). In the four-dimensional 
model, all items loaded on their specified factors (cf. Table 2) and all 
latent factors represented significant variance components. 

The analyses for Hypotheses 2 through 4 are intended to provide 
explanations for their separability and interpretations for the latent 
factors beyond this statistical distinction, which would also rule out an 
alternative explanation of modeling method factors. Although the 
numeracy factor did not capture significant proportions of variance 
between the items beyond the common factor, analyses are still con-
ducted, but limitations regarding the interpretation of this factor are 
considered in the discussion. 

6.2. Relations to age (Hypothesis 2) 

To address Hypothesis 2, all latent factors were regressed on age (cf. 
Table 3). As expected (Hypothesis 2), age was not predictive for the 
nested competence factors for literacy (β = − 0.08, p = .400) and also not 
for numeracy (β = 0.08, p = .576). This supports the assumption that the 
shared variance components of PIAAC literacy und numeracy items that 
go beyond overlaps with reasoning and perceptual speed show a pattern 
that is typically expected for crystallized aspects. Instead, age was 
negatively predictive for the common factor (β = − 0.24, p < .001) and 
the nested factor of perceptual speed (β = − 0.60, p < .001). Within the 
four-dimensional model, all factors were negatively related to age (cf. 
Table 4). 

6.3. Relations to formal and informal learning opportunities (Hypotheses 
3) 

To address Hypotheses 3, the predictive value of formal and informal 
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learning opportunities was analyzed (cf. Table 3). As expected, all three 
variables were positively predictive for the nested factor of literacy 
(educational attainment: β = 0.33, p < .001; number of years in 
educational settings: β = 0.24, p = .008; number of books: β = 0.30, p <
.001) but against expectation not the nested factor for numeracy 
(educational attainment: β = 0.16, p = .130; number of years in 
educational settings: β = 0.07, p = .602; number of books: β = 0.13, p =
.129), supporting that at least PIAAC literacy items are also above 
commonalities with reasoning, perceptual speed, and numeracy, related 
to learning opportunities. The educational variables were also positively 

predictive for the common factor but not predictive for the nested 
perceptual speed factor (cf. Table 3). Also in the four-dimensional 
model, all factors were positively related to the three variables assess-
ing learning opportunities, except for one not significant relation of 
years in education and perceptual speed (cf. Table 4). 

6.4. Relations to domain-specific variables (Hypotheses 4) 

As expected (Hypothesis 4a), persons who visited libraries or search 
online for books more often had higher scores (cf. Table 5) on the nested 

Table 1 
Hypothesis 1 – dimensionality analyses.  

Model Latent Factors Information Criteria Variance (SE), sign. Items from Domain… n.s. Loadings1 
Descriptives of standardized Loadings 

M SD Min Max  

1) Common Factor Model Common AIC 
50503 
BIC 
51690 
BIC (adj.) 
50905 

4.48 (0.93), 
p < .001 

Literacy 0/49 .58 .10 .31 .78    

Numeracy 0/49 .57 .12 .30 .77    
Reasoning 0/15 .59 .10 .40 .78    

Perceptual Speed 0/3 .44 .01 .43 .45  

2) Three Nested Factors Common 

AIC 
48884 
BIC 
50600 
BIC (adj.) 
49466 

4.39 (1.08), 
p < .001 Literacy 0/49 .49 .10 .28 .71    

Numeracy 4/49 .49 .13 .18 .71    
Reasoning 0/15 .66 .11 .46 .90    
Perceptual Speed 0/3 .40 .01 .38 .41  

Literacy 2.88 (1.00), 
p = .004  

4/49 .39 .14 .13 .83  

Numeracy 
5.61 (3.65), 
p = .124  21/49 .32 .12 .10 .63  

Percept. Sp. 
0.54 (0.04), 
p < .001  

0/3 .76 .06 .70 .80  

3) Two Nested Factors Common 
AIC 
50141 
BIC 
51828 
BIC (adj.) 
50713 

4.33 (1.05), 
p < .001 

Literacy 0/49 .49 .09 .29 .69    

Numeracy 4/49 .48 .12 .22 .69    
Reasoning 0/15 .66 .11 .45 .92    
Perceptual Speed 0/3 .53 .01 .52 .54  

Literacy 
2.88 (0.97), 
p = .003  2/49 .39 .14 .16 .69  

Numeracy 4.51 (2.40), 
p = .060  

8/49 .35 .12 .10 .62 

Note: 1 p > = .05. 

Fig. 1. Nested factor model. A common factor with additional nested factors for literacy, numeracy, and perceptual speed.  

Table 2 
Four-dimensional model.  

Model Latent Factors Variance (SE), sign. n.s. Loadings1 Descriptives of standardized Loadings     

M SD Min Max 

4 Factors 

Literacy 6.36 (1.51), p < .001 0/49 .61 .10 .33 .81 
Numeracy 4.51 (1.41), p = .001 0/49 .59 .12 .33 .80 
Reasoning 8.91 (1.85), p < .001 0/15 .69 .11 .50 .89 
Percept. Sp. 0.66 (0.04), p < .001 0/3 .86 .04 .81 .89 

Note: 1 p > = .05. 
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factor for literacy (r = 0.24, p < .001), but not for numeracy (r = − 0.04, 
p = .589) and persons who use numeracy skills at work more often 
(Hypothesis 4b), had higher values on the nested numeracy factor (r =
0.19, p = .003) but not on the nested literacy factor (r = − 0.06, p =
.343). This supports that PIAAC literacy and numeracy items assess 
beyond commonalities with all the other items aspects that are specific 
to the domain. Both skill use variables were also related to the common 
factor (literacy in leisure: r = 0.10, p = .007; numeracy at work: r = 0.09, 
p = .021), but not to the nested perceptual speed factor (literacy in 
leisure: r = 0.03, p = .472; numeracy at work: r = − 0.01, p = .836). In 
the four-dimensional model (cf. Table 4), the domain-specific variables 
were only related to their specific competence factor, while the use of 
numeracy at work was also related to the literacy factor. 

7. Discussion 

7.1. Test score interpretation of PIAAC competencies 

The focus of the present study was to collect validity evidence for the 
intended test score interpretation of PIAAC competencies as being 
learnable and to be based on knowledge (OECD, 2016a). Since compe-
tencies are characterized by complexity and contextualized items ask for 
general but also specific skills (Klieme et al., 2008; OECD, 2016a), an 
approach was chosen which divides PIAAC competencies always in an 
overlapping part with general cognitive skills, and aspects beyond those 
overlaps. Predictions of the present study were based exactly on aspects 
beyond those overlaps, because they describe whether PIAAC compe-
tencies differ from general cognitive skills (focusing on the internal 
structure) and allow describing those specific aspects in greater detail 
(focusing on relations to other variables). 

At first, a nested factor model fitted the data better than a single 
factor model supporting that the PIAAC competencies literacy and 
numeracy assessed common aspects beyond overlaps with reasoning and 
perceptual speed, collecting validity evidence based on the internal 
structure (AERA, APA, & NCME, 2014). At second, whether the nested 
factors fulfilled expected relations with other variables based on pre-
dictions from theory and empirical findings was investigated. For the 
nested factor for PIAAC literacy, the result pattern was as expected. 
Being unrelated to age, positively related to informal and formal 
learning opportunities and positively related to skill use, the nested 
factor for PIAAC literacy fulfilled all expectations for a factor that should 
be interpreted as learnable and to be based on acquired knowledge. The 
nested factor for PIAAC numeracy fulfilled theses expectations not 
entirely: although being as expected unrelated to age and positively 
related to skill use, the nested numeracy factor was against expectation 
unrelated to learning opportunities. Considered together with results 
from dimensionality analyses – the nested factor for PIAAC numeracy 
did not represent significant variance components and some numeracy 
items did not load on the factor – these findings suggest that numeracy 
items may share rather little beyond overlaps with PIAAC literacy, 
reasoning, and perceptual speed and that these shared aspects did not 
fulfill all expectations for a factor that should be interpreted as learnable 
and to be based on acquired knowledge. Therefore, results support 
validity evidence for the intended test score interpretation based on 
relations to other variables (AERA, APA, & NCME, 2014) for PIAAC 
literacy but not entirely for PIAAC numeracy. 

These conclusions are also supported by results for the common 
factor and the nested factor for perceptual speed. The separation into 

Table 3 
Regressions of latent factors based on the Model with Three Nested Factors (Hypotheses 2-3).    

Common Factor Literacy Numeracy Perceptual Speed   

β SE z p β SE z p β SE z p β SE z p 

Hyp. 2 
Age − 0.24 .05 − 4.50 

<

.001 
− 0.08 .09 − 0.84 .400 0.08 .15 0.56 .576 ¡0.60 .03 − 21.73 

<

.001 
R2 .06* .01 n.s. .01 n.s. .36*** 

Hyp. 
3a 

Educational 
Attainment 

0.39 .04 9.36 <

.001 
0.33 .07 4.72 <.001 0.16 .11 1.51 .130 0.03 .04 0.86 .390 

Age − 0.24 .05 − 4.35 
<

.001 − 0.13 .08 − 1.56 .120 0.02 .13 0.15 .880 − 0.61 .03 − 21.26 
<

.001 
R2 .18*** .11* .03 n.s. .37*** 

Hyp. 
3b 

Years in Education 0.15 .05 2.99 .003 0.24 .09 2.65 .008 0.07 .13 0.52 .602 0.04 .04 0.81 .420 

Age − 0.22 .05 − 4.05 <

.001 
− 0.07 .09 − 0.72 .470 0.06 .13 0.45 .651 − 0.60 .03 − 21.86 <

.001 
R2 .07* .06 n.s. .01 n.s. .36*** 

Hyp. 
3c 

Books at Age 16 0.17 .04 3.98 
<

.001 0.30 .07 4.57 < .001 0.13 .08 1.52 .129 0.05 .04 1.30 .193 

Age − 0.21 .05 − 4.08 
<

.001 − 0.08 .08 − 0.94 .345 0.08 .13 0.59 .558 − 0.60 .03 − 22.30 
<

.001 
R2 .08** .10* .02 n.s. .37*** 

Note: p < .001***; p < .01**; p < .05*; R2 = proportion of explained variance in the latent factor by background variables. 

Table 4 
Correlations of latent factors of a four-dimensional model and background 
variables.   

Literacy Numeracy Fluid 
Reasoning 

Perceptual 
Speed 

Literacy 5.24 
(1.19)*** 

– – – 

Numeracy .88*** 4.10 
(1.27)** 

– – 

Fluid Reasoning .66*** .74*** 8.17 
(1.71)*** 

– 

Perceptual Speed .43*** .39*** .38*** 0.66 
(0.04)*** 

Age − .21*** − .15*** − .15*** − .61*** 
Educat. 

Attainment 
.31*** .32*** .24*** .11** 

Years in Education .18*** .12* .13** .05 n.s. 
Books at Age 16 .27*** .18*** .16*** .08** 
Literacy in Leisure1 .14*** .06 n.s. .05 n.s. .04 n.s. 
Numeracy at 

Work1 
.11** .16*** .08 n.s. .04 n.s. 

n.s. loadings (p >
.05) 

0/49 0/49 0/15 0/3 

Note: p < .001***; p < .01**; p < .05*. The diagonal contains variances of the 
latent factors. 1A more frequent use was coded in the data set with lower values. 
We inverted the polarity of the r-values for these two variables in the table. 
Positive correlations describe that a more frequent use is related to higher test 
scores. 
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general cognitive skills and specific skills through dimensionality anal-
ysis and also the predictions for relations to other variables were based 
on the assumption that a common factor captures a common basis of all 
skills and is close to fluid reasoning. If this is the case, the remaining 
commonalities between PIAAC literacy and numeracy items beyond the 
common factor can be then interpreted as domain-specific aspects 
distinguished from general cognitive skills. Results support this inter-
pretation of the common factor as being close to reasoning: At first, 
because all items had significant loadings on this common factor in the 
nested factor model, except for four numeracy items. Hence, this factor 
represents skills required by all tests. Besides, this factor was negatively 
related to age, which is in line with expectations from literature ex-
pected for fluid skills (Horn & Cattell, 1967; Li et al., 2004; McArdle 
et al., 2002; Verhaeghen & Salthouse, 1997). The common factor was 
also positively related to all three educational variables, which is in line 
with literature supporting that formal and informal learning opportu-
nities are related to a positive cognitive development (Ceci & Williams, 
1997; Guill et al., 2017; Ritchie & Tucker-Drob, 2018). Although gains 
in fluid reasoning seem to be best reached when working memory is 
trained, effects of schooling may also act via training of self-regulation 
skills (Nisbett et al., 2012). 

Also the nested factor for perceptual speed fulfilled expectations 
based on predictions from literature and showed compared to the nested 
factors of the PIAAC competencies a completely different pattern: The 
nested factor for perceptual speed was above the common factor nega-
tively related to age, and the perceptual speed factor showed also in the 
four-dimensional model the strongest negative relation to age, which is 
in line with previous empirical findings (Lang et al., 2007; Salthouse, 
1996; Zimprich & Martin, 2002). Also Verhaeghen and Salthouse (1997) 
concluded based on their meta-analyses, that largest age-related effects 
were found for speed of processing, more than for reasoning. The 
different relations to age for the nested factors are also in line with 
empirical findings on different growth patterns for processing speed, 
fluid, and crystallized skills (Li et al., 2004; McArdle et al., 2002). Also 
the not significant relation of the nested factor for perceptual speed to 
variables describing learning opportunities is in line with findings from 
literature (Lang et al., 2007). Effects of education were rather found on 
skills such as reasoning or knowledge than on elementary cognitive 
processes (Ritchie, Bates, & Deary, 2015; Ritchie et al., 2013). Inter-
estingly, the perceptual speed factor in the four-dimensional model was 
indeed positively related to two out of three variables describing 
learning opportunities. This supports that the chosen approach – to 
disentangle general aspects in cognitive tests from specific aspects – 
leads to a more differentiated and clearer pattern when relations to other 
variables are considered. 

Taken together, the intended interpretation of test scores from 
PIAAC literacy is supported by results referring to the relation of the 
nested factor of PIAAC literacy to other variables and is also supported 
by the result pattern of the other factors. 

7.2. Contribution to the field 

Results from the present study contribute at first to the question how 
PIAAC competencies can be interpreted. Given the great amount of 
possible research questions that can be answered using large-scale 
assessment studies such as PIAAC, validity questions of the compe-
tence tests are of high importance. Second, studies on validity issues 
focused by now mostly on student assessments such as PISA and little is 
known about the validity of the test score interpretation of large-scale 
assessments on adults. Focusing on the adult population allows 
extending approaches used for student data (e.g. dimensionality ana-
lyses), because significant variables from the lifespan can be related to 
the separated factors when the adult population is addressed. Still, it has 
to be kept in mind that results from the adult population cannot be 
necessarily transferred to students. Third, the present study also con-
tributes to the discussion about the closeness of competencies assessed Ta
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in large-scale assessment studies and intelligence (cf. Rindermann, 
2006; Rindermann & Baumeister, 2015). For test scores from PIAAC 
literacy it can be concluded that they assess, beyond overlaps with skills 
that might be referred to as intelligence, aspects that show a pattern 
typically expected for learned skills and acquired knowledge. Fourth, 
the used approach of relating nested factors to other variables has 
proven to be helpful to reach a differentiated pattern of relations to other 
variables for the common and nested factors and is considered to be 
advantageous compared to conclusions that could be drawn only based 
on a multi-dimensional factor model. Such an approach could be also 
useful for validating test score interpretations from other complex skills, 
such as twenty first century skills (Binkley et al., 2012). 

7.3. Limitations and future research 

As this study was conducted within the frame of PIAAC-L in Germany 
(cf. Rammstedt et al., 2017), results supporting the construct in-
terpretations of the PIAAC competencies are, at first, only valid to 
German samples. A potential disadvantage stems from the time delay of 
one year between the competence and the general cognitive skills 
assessment. However, we assume that this does not question the validity 
of results because one year is rather short time within the entire lifespan 
for an adult sample. With data from the PIAAC study we rely also on a 
cross sectional data set, which means that negative relationships to age 
cannot be interpreted causally as cognitive decline in our data set. 

The conclusions that can be drawn regarding the validity of the test 
score interpretation are only clear for PIAAC literacy, but not for PIAAC 
numeracy. Further research may focus closer on the validity of test 
scores from PIAAC numeracy, which were in the present study not 
clearly distinguishable from what items from PIAAC literacy, reasoning, 
and perceptual speed had in common. For complex skills such as PIAAC 
competencies, also experimental approaches (cf. Engelhardt, Gold-
hammer, Naumann, & Frey, 2017) could be applied to address further 
sources of validity evidence, such of response processes (AERA, APA, & 
NCME, 2014). Since different abilities decline at different ages (Hart-
shorne & Germine, 2015) and the PIAAC sample describes a large age 
range, further validation efforts might also focus on the question 
whether the conclusions hold for different age groups. 

8. Conclusion 

Taken together, this study provided validity evidence for the inten-
ded test score interpretation of PIAAC competencies - as being learnable 
and based on acquired knowledge - based on the internal structure and 
relations to other variables for PIAAC literacy, while results for PIAAC 
numeracy were less clear. The chosen approach of separating general 
and specific aspects in PIAAC competencies first, and relating them 
second to variables from the lifespan for which clear expectations exist, 
seemed to be useful to meet the challenge of addressing validity issues in 
complex constructs such as competencies. Herewith this study contrib-
utes to the question of overlaps between competencies and general 
cognitive skills by providing results based on an adult data set from the 
PIAAC study. 
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