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Abstract

Abstract

European countries are faced with a demographicgeghdeople are living longer than ever
before, while, at the same time, birth rates atevbeeplacements levels. Thus, European
countries will have to deal with an increasinglynggabor market as well as a growing
amount of elderly people in need of care. Healthgnative aging is important for both of
these challenges in Europe (Ball et al., 2002; geao Commission, 2014). Thus, investing in
healthy cognitive aging is not only important fodividuals’ well-being, but also for
economic stability and growth. Crucially, peopleygreatly in the development and
maintenance of their cognitive abilities over tifiedpan. Therefore, the European
Commission (2014) recently called for strategiesif®d on the reduction of inequalities in
cognitive development as well as research beginalireiady in childhood to understand the
complex dynamics of cognitive development. The gmneé®h.D. project directly corresponds
to this call. We examined the development of irdetice from late childhood at age 12 into
middle adulthood at age 52 as well as the impaetatational attainment and grade retention
in primary school on the development of intelligenin 1968, data was collected from half of
all Luxembourgian students in grade level six, cosipg a total of 2824 students (49.9%).
This sample is representative of the populatiosixth graders in Luxembourg in 1968. In
2008, 745 of these former students were followedngbquestioned on their educational
pathways and attainment. In addition, the samdligeace test battery employed in 1968 was
re-assessed. Thus, the present study’s analysesased on data covering 40 years of lifetime
and provide a number of meaningful theoretical prattical implications.

In more detail, we examined three research questio8 studies, respectively. Study
1 tackled two key aspects of the development @lligence concerning (a) stability and
change in the structure of intelligence with refeesto the age differentiation-

dedifferentiation hypothesis (how different cogratiabilities relate to each other across age)
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and (b) differential stabilities (the rank orderioigpersons’ intelligence levels across time).
To this end, we drew on two structural conceptiohisitelligence: (a) the extended Gf-Gc
model to study broad cognitive abilities and (l® three-stratum model to decompose
cognitive change into processes shared by all babdiies (attributable to general cognitive
ability g) and processes specific to a certain ability (rehelent ofy). Data were obtained for
344 persons (56.4% female). The results showedtwile differ more greatly over time
with respect to all broad abilities except for dlueasoning, whereas the rank ordering of
persons on all broad abilities remains remarkatallyle. These combined results yielded
substantial gap-widening effects from age 12 to%yevhich were mainly accounted for by a
substantial increase qvariance in combination with a high differentitdlsility of g.
Moreover, the increase givariance reflects an increase in covariance anddfeyent broad
abilities, indicating that the different construot$ate more closely to each other at age 52
compared to age 12 (i.e. age dedifferentiation)o Tweoretical explanations of this change in
the structure of intelligence are discussed (comoause hypothesis and investment theory).
Study 2 examined the long-term consequences oftippand quality of formal
education on the development of both fluid andtefized cognitive abilities. Quantity of
formal education was assessed by years of schoaelimte quality of formal education was
assessed by school track (i.e. academic vs. nareata track). In addition, the study’s
design made testing the assumptions of CatteNestment theory (1971, 1987) that fluid
abilities are invested in the acquisition of crilstad abilities by taking advantage of
environmental learning opportunities possible. faMieature of the current study is that we
were able to test the influence of educationairattant on two aspects of crystallized
abilities, a verbal measure (word knowledge) afattual knowledge measure (knowledge of
the world), while controlling for childhood cognig ability. Data were collected from 315

(55.9% female) participants. At the time their cbige abilities were re-assessed, the
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participants in the current study had left form@ieation over 30 years previously. Most
interestingly, we found an interaction effect ofqtity and quality of formal education:
Length of formal education had a long-term sigmificimpact on both fluid and crystallized
(i.e. word knowledge) ability for the non-academnack students only. Possible explanations
of why the impact of formal education on cognitatalities may be more persistent for
participants in the non-academic track compargghtticipants in the academic track are
discussed. In addition, evidence was found thafiltos the assumptions made by investment
theory that fluid abilities are invested into tregaisition of crystallized abilities by taking
advantage of environmental learning opportuniti&syever, contrary to investment theory,
we also found some investment of crystallized abdiin the acquisition of fluid abilities over
the lifespan. In addition, we found that formal ealiion related differently to the two
different measures of crystallized ability in thregent study, namely word knowledge and
knowledge of the world. This may underline findinmysprevious research that these two
abilities are empirically distinguishable facetscofstallized intelligence (Schipolowski,
Wilhelm, & Schroeders, 2014). Taken together, #sults of Study 2 of the present
dissertation show that formal education has an napblong-term impact on cognitive
abilities, even over 30 years after participants leé formal education.

Study 3 tackled the long-term impact of graden&d® in primary school on three key
life outcomes in middle adulthood, namely educal@itainment, income, and intelligence.
To this end, we performed a multiple regressionyasmafor each key life outcome under
study. Propensity score matching procedures weferpged to control for 11 characteristics
that are known to possibly influence grade retenéind educational outcomes. In addition,
we controlled for the influence of childhood inigénce, grade point average in primary
school, and parental socioeconomic status, asasedtiucational attainment (for adult income

and intelligence) in the regression analyses. Fadrase sample of 745 (53.3% female)
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participants, a different subsample was drawn &eohdife outcome under study. In the
present study, we found that grade retention img@ry school had a significant negative
impact on all three key life outcomes, even oveydérs of the lifespan. On average,
participants who were retained in primary schotdraded one year less of formal education
than promoted participants, earned about €65(lesmonth at age 52, and scored about 7
IQ points lower in the intelligence test at age Baus, contrary to the common belief that
grade retention helps children with unsatisfacemgdemic achievement, in the present study
grade retention in primary school has long lastiagative effects on a number of key life
outcomes. Thus, alternatives should be considerédie discussed in the present
dissertation.

The results of the present dissertation have aoeumf theoretical and practical
implications that are discussed in the generaldision. The theoretical implications
comprise propositions of lifespan developmentathsiogy sensu Li and Baltes (2006),
Cattell's investment theory (1971, 1987), and thetthew effect (or accumulating
advantages). In addition, a number of practicallivagions are discussed, focusing on the
pedagogical measure of grade retention as wekbudg iaterventions and aspects of the

school system.
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Intelligence, cognitive abilities, cognition, despiment, determinants, age differentiation-
dedifferentiation hypothesis, differential stalyilithange and stability in cognitive abilities,
investment theory, educational attainment, forndalcation, schooling, grade retention,
longitudinal study, lifespan developmental psychgldifespan cognitive psychology,

childhood, adulthood, measurement invariance, aopemsity score matching



Zusammenfassung

Zusammenfassung

In vielen europaischen Landern vollzieht sich emdgraphischer Wandel. Die Menschen
werden alter als je zuvor, wahrend gleichzeitig@eaburtenraten zuriickgehen. Als Folge
werden viele europaische Lander mit einem stetegraden Arbeitsmarkt sowie mit einer
steigenden Anzahl an pflegebedirftigen Menscheffraotiert. Gesundes kognitives Altern
ist eine Schlisselaufgahean diese Herausforderungen erfolgreich zu meigteal et al.,
2002; European Commission, 2014). Aufgrund der Adawgen auf den Arbeitsmarkt ist
Forschung Uber gesundes kognitives Altern nichiwiantig fur das individuelle
Wohlerbefinden, sondern auch fur die 6konomisclabifiét und das Wirtschaftswachstum.
Menschen unterscheiden sich sehr stark darin, ieleilsre kognitiven Fahigkeiten tber die
Lebensspanne entwickeln. Die Europaische Kommig@0h4) forderte vor kurzem verstarkt
Forschung zu betreiben mit dem Ziel kognitive Ustirede in der Bevolkerung zu
verringern. Weiterhin hat sie darauf hingewiesassd~orschung zum weiteren Verstandnis
der dynamischen Entwicklung kognitiver Fahigkeiider die Lebensspanne bereits im
Kindesalter anfangen muss. Das vorliegende Diggartvorhaben entspricht diesem Aufruf
der Europaischen Kommission. Wir untersuchten digvieklung von Intelligenz von der
spaten Kindheit mit 12 Jahren hin zum mittleren &riasenenalter mit 52 Jahren. Des
Weiteren untersuchten wir den Einfluss von Schdilly sowie der Klassenwiederholung auf
die kognitive Entwicklung tber die Lebensspann&8l®ahm die Halfte aller Sechstklassler
in Luxemburg an unserer Studie teil, dies umfa®8& Studienteilnehmer (49,9% weiblich).
Diese Stichprobe ist reprasentativ fir die Popaoiatier Sechstklassler in Luxemburg in
1968. 2008 nahmen 745 der damaligen Teilnehmeuoeameunserer Studie teil und machten
ausfuhrliche Angaben zu ihrem Bildungsweg. Dariitdeaus wurde derselbe Intelligenztest

wie 1968 erneut erhoben. Die Auswertungen deregeinden Doktorarbeit stlitzen sich daher



Zusammenfassung

auf Daten, die 40 Jahre Lebenszeit umfassen uedRBihe aussagekraftige theoretischer und
praktischer Implikationen zulassen.

Die vorliegende Arbeit besteht aus drei Studike jeweils eine Forschungsfrage
behandeln. Studie 1 untersuchte zwei Aspekte delligenzentwicklung (a) die Stabilitat
und Veranderung von Intelligenz im Hinblick auf ¢igge Differentiation-

Dedifferentiation“ Hypothese (wie sich verschied@gnitive Fahigkeiten tber die
Lebensspanne zueinander Verhalten) und (b) diffedénStabilitaten kognitiver Fahigkeiten
Uber die Lebensspanne (die Rangfolge innerhallPdpulation im Hinblick auf das
Intelligenzniveau). Fir diese Fragestellung zogerezwei verschiedene strukturelle
Konzeptionen von Intelligenz heran. (a) Das erwtgtdodell fluider und kristalliner
Intelligenz von Cattell und Horn (Cattell, 1987{.JHorn & Noll, 1997) wurde
herangezogen, um die Entwicklung der ,Broad Cogeif\bilities" zu untersuchen. (b) Die
»Three-Stratum* Theorie von Carroll (1993) wurdewendet, um kognitive Veranderungen,
die allen ,Broad Abilities* gemeinsam sind (die ¥iaderungen, die man auf den generellen
Intelligenzfaktorg zurtickfiihren kann), von denen zu unterscheidensezifisch fir
gewisse Fahigkeiten sind (Veranderung unabhangqiggudie Stichprobe bestand aus 344
Teilnehmern (56,4% weiblich). Die Ergebnisse zejgiss sich die Teilnehmer mit 52 Jahren
in allen ,Broad Abilities" starker unterschiedes ahit 12 Jahren. ,Fluid Reasoning” bildete
dabei eine Ausnahme. Allerdings blieben die difféietlen Stabilitaten gleichzeitig
erstaunlich konstant Uber die Zeit. Diese beidealf@en Entwicklungen (erhdhte Varianz
auf den Konstrukten bei gleichzeitig hoher diffdrelter Stabilitat Gber die Zeit) deuten auf
einem Schereneffekt kognitiver Fahigkeiten hin. Daterschied zwischen den beiden
Extremen der Intelligenzverteilung wird immer grife alter die Personen werden. Dieser
Schereneffekt ist grol3tenteils auf die erh@réarianz zurtckzufiihren, wobei augteine

hohe differentielle Stabilitat aufweist. Die erh@btVarianz zeigt gleichzeitig eine erhéhte
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Kovarianz zwischen den verschiedenen ,Broad Abditian, was heil3t, dass die
verschiedenen Konstrukte im Alter von 52 Jahrenrmateinander korrelieren als im Alter
von 12 Jahren (d.h. die Konstrukte sind sich intletgén Erwachsenenalter ahnlicher als in
der Kindheit). Eine solche Entwicklung deutet gAge Dedifferentiation* hin. Zwei
maogliche theoretische Erklarungsansatze fur dies@nterung in der Intelligenzstruktur
werden diskutiert (die ,Common Cause" Hypothese diednvestmenttheorie).

Studie 2 untersucht die Langzeiteffekte von Quantibd Qualitat schulischer
Bildung auf die Entwicklung von fluiden und kridtaén Fahigkeiten. Die Quantitat der
Schulbildung wurde anhand der Dauer der schulisé&ilenng (in Jahren) gemessen. Die
Quialitat der Schulbildung wurde anhand der Scholfon mehrgliedrigen luxemburgischen
Schulsystem (nicht akaemische vs. akademische f8am)lerfasst. Zusatzlich erlaubte das
Design der Studie, die Annahme von Cattell's Inwvestittheorie (1971, 1987) zu prifen, dass
fluide Fahigkeiten in den Erwerb kristalliner Fakegen investiert werden. Eine weitere
Besonderheit der vorliegenden Studie ist es, dasdem Einfluss schulischer Bildung auf
zwei Facetten kristalliner Intelligenz testen kamvVerbale Fahigkeiten (Wortkenntnisse)
und Sachwissen (Weltwissen). Zusatzlich wurde deituiss von kognitiven Fahigkeiten in
der Kindheit auf die kognitiven Fahigkeiten im Eolaenenalter kontrolliert. Die Stichprobe
bestand aus 315 (55,9% weiblich) Teilnehmern. Beildterpretation der Ergebnisse ist zu
beachten, dass zum Zeitpunkt der zweiten Intelitestung die Teilnehmer der vorliegenden
Studie ihre schulische Bildung vor Gber 30 Jahtegeachlossen hatten. Interessanterweise
fanden wir einen Interaktionseffekt zwischen Quantind Qualitat schulischer Bildung: Die
Lange der schulischen Bildung hatte einen sigmnifika Langzeiteffekt aber nur fur Schiler
der nicht akademischen Schulform. Der Langzeitéffekulischer Bildung zeigte sich sowohl
fur fluide als auch fur kristalline (Wortkenntnigg&ihigkeiten. Mogliche theoretische

Erklarungen werden diskutiert. Weiterhin bestatigenErgebnisse der vorliegenden Studie
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Zusammenfassung

die Annahme der Investmenttheorie, dass fluidedkigiien in den Erwerb von kristallinen
Fahigkeiten investiert werden. Allerdings zeigea Brgebnisse der vorliegenden Arbeit, dass
auch kristalline Fahigkeiten in den Erwerb fluidi€thigkeiten investiert wurden. Diese
Befunde widersprechen den Annahmen der Investresrith Zusatzlich fanden wir, dass
sich schulische Bildung unterschiedlich gegenileerlkiden Indikatoren kristalliner
Intelligenz verhielt. Diese Befunde sind im Einkiamit Ergebnissen vorheriger Studien, die
zeigen, dass verbale Fahigkeiten und Sachwissenunterschiedliche Facetten kristalliner
Intelligenz darstellen (Schipolowski, Wilhelm, & I8oeders, 2014). Die Befunde von Studie
2 verdeutlichen, dass Schulbildung einen Effektca@fEntwicklung kognitiver Fahigkeiten
hat, der sogar noch 30 Jahre, nachdem die Teilnetim&chule abgeschlossen hatten, zu
finden war.

Studie 3 untersucht die Langzeiteffekte von Klassederholung in der Grundschule
auf die Schulbildung, sowie das Einkommen und diielligenz im Erwachsenenalter. Die
Fragestellung wurde anhand von multiplen Regressidiberpriift, wobei fir jedes Kriterium
eine multiple Regression durchgefiihrt wurde. Whitewurden ,Propensity Score
Matchings” durchgefuhrt, um elf Variablen zu kotiieven, die eine Einfluss auf die
Nichtversetzung und die schulische Bildung habemkén. Dartiber hinaus wurde der
Einfluss von Intelligenz in der Kindheit, von Grigathulnoten und des soziobkonomischen
Status der Eltern auf die drei Kriteriumsvarialkemtrolliert. Die Basisstichprobe umfasste
745 Teilnehmer (53,3% weiblich). Aus dieser Basibgtirobe wurde fir jede Fragestellung
eine Substichprobe gezogen, die am besten furehatd/ortung der Forschungsfrage
geeignet war. Die Befunde der vorliegenden Stuedigen, dass die Nichtversetzung in der
Grundschule einen signifikanten negativen Effektdae Schulbildung, das Einkommen und
die Intelligenz im Erwachsenenalter hatte. DiedelE® wurden gefunden, obwohl die

Teilnehmer der Studie bereits vor tber 40 JahrefeirGrundschule ein Schuljahr
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wiederholen mussten. Im Durchschnitt hatten digenGrundschule nicht versetzten Schuler
am Ende ihrer Schullaufbahn ein Jahr weniger direiecbesucht (bereinigt auf die Jahre der
Nichtversetzung wahrend der gesamten Schullaufbabrdienten 650€ weniger im Monat

im Alter von 52 Jahren und erzielten 7 1Q-Punkteiger im Intelligenztest mit 52 Jahren als
ihre vergleichbaren aber versetzten Mitschiler.iidagogische Mal3hahme der
Klassenwiederholung wird angewendet, da angenonwiredndass sie Schilern mit
mangelhaften akademischen Leistungen hilft, ihreibschen Leistungen zu verbessern. Die
Befunde der vorliegenden Studie deuten jedoch a&itfeichende negative Konsequenzen bis
spat in das Erwachsenenalter hin. Die Befunde deilegenden Studie legen damit nahe, dass
zukUnftig Alternativen zur Nichtversetzung gesuehd bevorzugt werden sollten.

Die Befunde der vorliegenden Doktorérbaben eine Reihe von theoretischen und
praktischen Implikationen. Die theoretischen Imalienen umfassen Annahmen zur
Psychologie der Lebensspanne sensu Li und Bald@6)2Cattells Investmenttheorie (1971,
1987), und dem Matthéus-Effekt (auch als kumuli¥iaeteile bekannt). Des Weiteren
werden einige praktische Implikationen, wie zumdpe! die padagogische MalRnahme der
Klassenwiederholung, FrihférdermaRnahmen und Iragptiken auf Aspekte des

Schulsystems, diskutiert.

Schlusselbegriffe:
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Chapter 1 — Theoretical Background

Chapter 1 - Theoretical Background

1.1 Introduction: The Challenge of Healthy Cognitive Aging

Most countries in Europe are facing a demographange. People are living longer than
ever before, while, at the same time, birth rateso@low replacements levels. In the coming
decades, more and more of the elderly will need,ag@hen they cannot continue to live
independently. However, crucial changes in thestigesture of the labor market can also be
expected. Cognitive aging is important for beingedb live independently in old age (Ball et
al., 2002) and also for job performance (Europeammission, 2014). Thus, healthy
cognitive aging is a key challenge of demograph&nge in Europe (European Commission,
2014). Importantly, investing in healthy cogniti&ging is not only important for individuals’
well-being, but also for economic stability andgth. People vary greatly in the
development and maintenance of their cognitivataslover the lifespan. Therefore, the
European Commission (2014, p. 42) assdhsrt is a need for strategies focusing on the
reduction of inequalities in developing cognitivéls.” In addition, the European
Commission (2014) calls for approaches that inchitiages of the population and research
that starts in young childhood. This is in linelwihe theoretical assumption of lifespan
developmental psychology that the impact of cul{erg., cognitive training and
interventions, formal education) decreases witheiasing age (Li & Baltes, 2006). Thus,
interventions that start late in life will be lesf§ective than interventions that already start in
childhood or early adulthood (Heckman, 2000, 2@@®8). Formal education is proposed to
be one of the most important socialization typindliences on cognitive development (Li &
Baltes, 2006). Also, this theoretical propositisrsupported by many empirical research
results: Educational attainment plays an impontaletin cognitive development (Ceci, 1991,
1999; Mazzonna & Peracchi, 2012; Neisser et ab61L9
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The current dissertation directly corresponds &ddll from the European Commission.
In order to be able to develop strategies to reduegualities in cognitive development, the
processes that take place from childhood into hdol must be better understood. Therefore,
the aim of the current dissertation is to invesgghe impact of educational attainment on the
development of intelligence. We were able to dramlomgitudinal data over a 40 year time
span from late childhood into middle adulthood. Therent dissertation addresses three
research questions: (a) how intelligence develops the lifespan, (b) how the development
of intelligence depends on schooling in generad, @h how the development of intelligence
is influenced by a key structural characteristithaf Luxembourgian educational system:

grade retention in primary school.

1.2 Definition of Intelligence

A conceptual definition of intelligence is providddr example, by Gottfredson
(19974, p. 13)Intelligence is a very general mental capabilityat, among other things,
involves the ability to reason, plan, solve proldethink abstractly, comprehend complex
ideas, learn quickly and learn from experienchi the current Ph.D. thesis, the terms
intelligence and cognitive ability or abilities applied interchangeably. Most of the current
psychological research is based on the psychonsgigmach of intelligence. According to
scientists in the psychometric tradition, intelhge can be well measured by tests and
individual differences observed on these testsbeawell captured by so-called structural
models (L. S. Gottfredson & Saklofske, 2009). Witthe psychometric approach, an
important distinction must be made between théssitzl structure of intelligence and the
theoretical interpretation of this structure (K&ievit, Dolan, & van der Maas, 2011). While
there is consensus that intelligence factors asdipely intercorrelated and hierarchically

structured, researchers disagree on the theoréitegpretation of this structure. The most
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evident difference between theories is whether Hssyime a general factor of intelligence,
namelyg, at the apex of the hierarchy, such as Carrdifed-stratum theory (1993), or not,
such as two component theories. A prominent twopzmmmant theory is the extended Cattell-
Horn theory of fluid and crystallized intelligen(extended Gf-Gc theory; Cattell, 1987; J. L.
Horn & Noll, 1997).

Importantly,g theories and two-component theories serve differesearch purposes.
Theories includingg dominate studies that investigate the predictioevgrs of cognitive
capacities, wherg has been empirically proven to predict a numbexeyflife outcomes such
as educational achievement (Strenze, 2007), odomgaisuccess (Schmidt & Hunter, 2004),
and longevity (L. S. Gottfredson & Deary, 2004; Wéya & Deary, 2001). Howeverg
theories have rarely been used in developmentahrels, where theoretical frameworks of
two component theories such as the extended Gh&mry dominate (see also Lindenberger,
2001, on two-component theories).

The Gf-Gc theory distinguishes crystallized alabtiGe, and fluid abilities, Gf,
(Cattell, 1987; Nisbett et al., 2012). A conceptaedinition is given by Nisbett and colleagues
(2012, p. 131): Gc i%the individual's store of knowledge about the natwf the world and
learned operations such as arithmetic ones which lea drawn on in solving problems”
Moreover, Gc comprises two distinct aspects: verdhilities or language (e.g. word
knowledge) and pure knowledge (e.g. knowledge efbrld, Schipolowski et al., 2014). Gf
on the other hand ithe ability to solve novel problems that depenthtigely little on stored
knowledge as well as the ability to lear(Nisbett et al., 2012, p. 132). Typical indicatofs
Gf include inductive and deductive reasoning (Magre009). Importantly, the distinction
between these two cognitive abilities is also silpnsupported by research on the
development of intelligence, showing differentiedjéctories of the two abilities over the

lifespan (Lindenberger, 2001; Li et al., 2004; Mdkr, Ferrer-Caja, Hamagami, &
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Woodcock, 2002), as well as the high differentitbgity of both abilities over several

decades of an individual’s lifetime (Schalke et 2012).

1.3 Development of Intelligence

When describing the development of intelligenceesal aspects of development are
important: (1) development of the construct, (2yedlepment of the individuals, and (3)
impacts on this development. The first aspectdthaslopment of the construct intelligence
over the lifespan, addresses whether the conssrtice same in childhood, adulthood, and old
age. In the psychometric tradition, a change incthrestruct is indicated by a change in the
factor structure of intelligence. This questiostated in more detail by the age
differentiation-dedifferentiation hypothesis. Thgbthesis postulates three developmental
stages (Baltes, Cornelius, Spiro, Nesselroade, 8i3)V1980). The first stage of
differentiationoccurs in early childhood, where different broadites are proposed to
become increasingly independent of each other iwdieasing age (Deary et al., 1996;
Garrett, 1946; Reinert, 1970). The following peradcadulthood is theoretically characterized
by a fair degree ddtability of the intelligence structure (Baltes et al., 198WMe third stage of
dedifferentiations again characterized by increasing dependeaomrsg different broad
abilities as people reach old age (Balinsky, 1®Hltes et al., 1980). Chapter 2 of the current
dissertation describes the age differentiationffierdintiation hypothesis in more detail.

The second aspect is the development of individonads the lifespan in regard to their
cognitive abilities. Here, three different aspets of importance: (2.1) the differential
stability of intelligence (i.e. the rank order aflividuals), (2.2) the trajectory of the level of
mean performance over the life span, and (2.3¢lla@ge in between-person variation or
variance. Differential stabilities describe whettier rank order of individual persons remains

stable across time. This addresses the questiatheththe smarter children, will also go on
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to be the smarter adults? To answer this quedbagjtudinal data is required. The existing
findings suggest that shows high differential stability during differeti¢velopmental stages
over the lifespan. An extensive review of studvelsich examined the differential stability of
g can be found in Conley (1984) or Deary and collesg2000). However, the differential
stabilities of lower level cognitive abilities (i.eroad abilities such as Gf and Gc) are less
well understood. Chapter 2 addresses this quesstiomore detail. Second, consensus exists
that mean performance in all broad abilities rigerahildhood years until early adulthood.
Then, in adulthood, fluid abilities, show linear anedecline with accelerated decline in old
age. In contrast, mean performance in crystalleatities remains stable or even increases
with aging and shows only some decline in veryaged (Cattell, 1987; Li et al., 2004,
McArdle et al., 2002; Schaie, 2005; Tucker-DrobQ20Tucker-Drob & Salthouse, 2008).
However, cross-sectional findings estimate an &aoinset of this decline in mean
performance than longitudinal studies. Third, thesan changes of cognitive performance
over the lifespan should theoretically be accomgribly changes of between person variation
around the mean (Li & Baltes, 2006). The increaseariance is proposed to be greater for
crystallized than for fluid abilities, as they an@re sensitive to environmental influences.
Thus, as people age, individual differences, paldity in crystallized abilities, should
become continuously greater as person-specific@mviental influences accumulate.
Chapter 2 of the current dissertation addressefrghéwo aspects of intelligence
development described, namely the developmenteodinstruct intelligence over the
lifespan and the development of individuals in rega their intelligence over the lifespan.
Chapter 3 and 4 will tackle important impact faston the development of intelligence across
the lifespan. Next, we will discuss formal educatio school as it is one of the most
important impact factors on cognitive developmerdrdhe lifespan (Li & Baltes, 2006;

Neisser et al., 1996).
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1.4 Formal Education and Intelligence Development

Formal education in Luxembourg in the 1960 and 19%@n the participants of the
MAGRIP study went to school comprised six yearprirhary school education for all
Luxembourgian school children. After primary schatuidents were allocated to different
schools depending on their academic achievementiynoterms of their grades. These
different secondary schools can be grouped intotyyves of schools: non-academic and
academic schools. Non-academic schools are thbselsahat prepare students for an
apprenticeship, while academic schools are thdseots that prepare for college and
university. While non-academic schools in Luxemigoliad a duration between two and five
years depending on the type of non-academic educatcademic schools had a duration of
seven years. Thereafter, students of both tracksdditional possibilities for further
education. The non-academic track students hadgtien to specialize in a certain
craftsmanship (Meisterausbildung) or even contiitie& education and attain a degree that
allows entry to an advanced technical college (Rachschule). The academic track students
could attend college and university.

The impact of formal education on intelligence degeent is part of several
theoretical frameworks (Baltes, Staudinger, & Linlderger, 1999; Ceci, 1999; Glaser, 1976;
Li et al., 2004, Li & Baltes, 2006; Neisser et 4996). As the present Ph.D. study covers
individual data from age 12 to 52, we will takeatfespan point of view. Thus, we will
focus on lifespan developmental psychology to ustded lifespan cognition and the impact
of formal education (Baltes et al., 1999; Li & Badt 2006). The lifespan approach focuses on
the plasticity of different individual abilitiesush as cognitive abilities. It states that any
given developmental outcome is only one of manitds outcomes, which is affected by
the reciprocal interplay of the individual's neuogaitive processes and the developmental

context (Baltes et al., 1999; Li & Baltes, 2006)ailBs can be conceived as open, dynamic
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information processors that adapt to, as well Becgfthe individual’s life circumstances and
experiences reciprocally (Li & Baltes, 2006). Thosgnitive abilities and formal education
should affect each other in a reciprocal mannene\dpecifically, lifespan cognitive
psychology postulates three kinds of influences difeerentialy affect cognitive development
over the lifespan: (a) species typical neurobiataband cultural evolutionary processes, (b)
normative socialization-typical environmental irdhces (e.g. formal education), and (c) non-
normative idiosyncratic person-specific experiertbas result from self-selection into
different (professional) environments (Li & Balt@§06). Further, Li and Baltes (2006)
explain that the early stages of life are charatdrby more normative processes and focused
on basic competences as the development of venygychildren depends mostly on their
species typical neurobiological processes. This cha¢ mean that there are no inter-
individual differences between small children aattbarly investments in child development
are of little importance as the contrary has beemd (compare Heckman, 2000, 2006, 2008).
It means that the general developmental outcomearbf developmental stages are more or
less the alike for all children (more normativejmqzared to later stages in life. All the
children will learn to crawl, to walk, to speak,toreat by themselves when they reach a
certain age. Some will learn this faster than athleut the developmental “goal” is more or
less the same for all children for most of the digwment that takes place in early childhood.
Especially compared to the heterogeneity in devekay later in life, early developmental
stages can be described as fairly normative. Whadren are schooled, the normative
socialization-typical influence of schooling gaingportance and affects cognitive
development in childhood and adolescence. Formatdatbn in school may be the most
important socialization-typical influence throughdle lifespan in Luxembourg, as children
spent several years in school. However, after iddals leave formal education, non-

normative person-specific experiences resultingnfeelf-selection into different
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(occupational) environments accumulate (Li et2004; Li & Baltes, 2006). Thus, the later
stages in life are characterized by a much grefersity in developmental processes, so that
the influence of formal education on cognitive gigié may be overlain by several other
processes. However, cumulative advantages argagsible (DiPrete & Eirich, 2006). A
better education may lead to a cognitively mordlehging job and this may in turn foster
cognitive abilities. Crucially, individualizatiomilater life may not affect all cognitive
abilities. Gf and Gc are thought to be differeraffected by the environment and by
biological influences. Gf is more strongly affectegspecies-typical neurobiological
processes and biological aging effects and legshdgnvironment or culture. On the contrary,
Gc is to a large degree affected by the environrardtmuch less by aging effects (Baltes et
al., 1999; Cattell, 1987; Li et al., 2004, Li & Bad, 2006). Thus, Gf is assumed to be less
culture sensitive than Gc and subsequently formatation may affect Gf to a lesser degree
than Gc. However, the relative plasticity of Gf &&d has not yet been sufficiently studied (Li
& Baltes, 2006).

Crucially, the influence of biology and culture magry at different stages in life.
Three principles have been proposed to describeetagonship between biology and culture
over the lifespan (Baltes et al., 1999; Li & BaJt2806). First, the influence of biology-based
plasticity is highest from birth to maturity andodeases thereafter. Second, the need for
culture increases over the lifespan. Thus, theiredwcultural conditions for reaching any
certain state increase as people age. Third, floaey of culture decreases with aging.
Hence, more and more resources are needed to achegame level of cognitive
performance. Importantly, formal education in sde@dfects individuals at a very sensitive
point in their lives, when the influence of biologi plasticity as well as the efficacy of culture
are still high. Later environmental influences merventions on cognitive functioning may be

far less efficient. In addition, previous reseahnels shown that small advantages cumulate
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over the lifespan and result in big advantages latkfe (DiPrete & Eirich, 2006). DiPrete

and Eirich (2006) discuss that the educationalesystith its transitions from one class to
another may itself have a character that instalhsiudative advantages. In addition, it has also
been debated whether ability tracking as in thedmxourgian school system may produce
cumulative advantages over time or not. Thus,very likely that formal education has a
robust and lasting effect on cognitive abilitiesotighout the lifespan. Chapter 3 examines the
guestion how formal education impacts the develagroeGf and Gce from late childhood

into middle adulthood.

1.5 The Impact of Grade Retention on Key Life Outcmes

In many European school systems grade retentiarkéy pedagogical measure that is
taken to help students with difficulties achievommpetences demanded for a certain grade-
level in school (European Commission, 2011). Tletgdents must repeat a grade level with
the idea that an additional year of maturity anposure to the curriculum will improve the
students’ academic achievement and social sucedgture grade levels. Grade retention is
applied in many European countries, because glis\®d that grade retention is a very
beneficial pedagogical measure for the studentqfgean Commission, 2011). In almost all
school systems, poor grades/marks are the maiorréasa student to repeat a year, although
other criteria may play a role. The decision-makingcess is mainly influenced by the
teacher’s opinion of the student, while parentahigm plays a less important role (European
Commission, 2011).

However, the general idea that grade retentioemeficial for the retained student is
not well supported by previous research. Only aresearch results report positive findings
for grade retention on future academic performgbceC. Gottfredson, Fink, & Graham,

1994; Hughes, Chen, Thoemmes, & Kwok, 2010) odceii’s perceived school competence
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(Reynolds, 1992). There are some studies thattrsport-term positive effects, which,
however, diminish over one or two years (Jimerd®99, 2001; Jimerson, Carlson, Rotert,
Egeland, & Sroufe, 1997; Wu, West, & Hughes, 20@cially, the vast majority of
research findings report either no effect of greetention on academic performance (Chen,
Liu, Zhang, Shi, & Rozelle, 2010; Im, Hughes, Kwékjckett, & Cerda, 2013; Phelps,
Dowdell, Rizzo, Ehrlich, & Wilczenski, 1992; Piers& Connell, 1992) or even negative
effects on a number of variables, such as futuag@mic performance, parent’s expectations,
academic self-efficacy, children’s psychologicaldtioning, future school career, and
importantly, dropping out of high school (Goos, Mdaamme, Onghena, Petry, & de Bilde,
2013; Hughes, Kwok, & Im, 2013; Jimerson, AndersoM/hipple, 2002; Reynolds, 1992).
In addition, grade retention has also been idewtifo have a negative effect with an effect
size of -.16 in the famous Hattie-Study (HattieQ20Don visible learning. Moreover, grade
retention had a negative effect on academic achiemein several domains and fearing of
getting retained did not motivate the students.

Long-term negative consequences of grade reteimtiprimary school can be
expected on several key life outcomes such as ia@md cognitive abilities as individuals
interact in a reciprocal manner with their envirann(Li & Baltes, 2006). First, previous
research has shown that grade retention does si@tisably improve the retained students’
performance (Hattie, 2009; Holmes & Matthews, 19Bdierson, 2001). Therefore, the
retained students do not catch up and, thus, egtatudents are more likely to attain the non-
academic compared to the academic track in Luxengbdu addition, grade retention has
often been found to impact negatively on a numib@academically related variables such as
student’s attitude towards school (Holmes & Matthe®984) and academic self-efficacy
(Hughes et al., 2013). This in combination with ple®r academic performance will lead to

lower academic attainment and increased drop-tes far retained students who then leave
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school without a diploma (Alexander, Entwisle, &ubar, 2003; Alexander, Entwisle, &
Horsey, 1997). After formal education in school €rekerson-specific influences gain a larger
impact on development (Li & Baltes, 2006). Thusliwduals develop in the direction of their
interests and professions, but also in the diraghiavhich they think they are competent.
Hence, due to their academic failures, retainedestts may believe that cognitively
challenging activities and occupations will notteuhem well. This, in combination with
leaving school early, may cause retained studerttske on occupations that are of a more
physical nature and less cognitively challengingede jobs are usually less well paid. In
addition, job complexity and cognitive challengestloe job have an impact on cognitive
development (Schooler, Mulatu, & Oates, 1999). Tlgusde retention may negatively impact
critical key life outcomes such as educationaliattent, adult income, and adult intelligence.

Chapter 4 of the present dissertation investighiese relationships in more detail.

1.6 The Present Dissertation

Healthy cognitive aging has become a major chaldngmost European countries as
their population grows older than ever before. Hosvethere is great variability between
people in the development and maintenance of toginitive abilities over the lifespan.
Recently, the European Commission (2014) has c#dlestrategies that focus on reducing
inequalities in the development of cognitive skaled that investigations pertaining to these
strategies must start early in life, even in chaldtl. The present Ph.D. thesis directly
corresponds to this call and investigates the dgweént of intelligence from late childhood
into middle adulthood as well as one of the mogtartant impact factors for cognitive
development, namely educational attainment. TheeatiPh.D. thesis is based on data from

the longitudinal MAGRIP.
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1.6.1 The MAGRIP Project

Data for the present Ph.D. thesis stems from thegitodinal MAGRIP project. Data
was collected in two waves: 1968/69 and 2008/0@. first wave of the MAGRIP project
started in 1968 and was conducted under the sigp@mof the principle investigators Gaston
Schaber, Paul Dickes, and Marcel Bamberg at th#uhBédagogique in Walferdange,
Luxembourg (Bamberg, Dickes, & Schaber, 1977). filsewave of the MAGRIP study was
designed to examine children’s transition from @iyninto secondary school in the tracked
Luxembourgian school system (Dickes, 2011). In 1888data was collected from half of all
Luxembourgian students in grade level 6, comprisingtal of 2824 studentM(= 11.9 years;
SD= 0.6 years; 50.1% male). The data included atliogace test battery (the
Leistungsprifsystem - L-P-S, W. Horn, 1962, 1983}a on students’ educational attainment,
a questionnaire on students’ behavior, and infalomain family background. A multi-stage
sampling procedure was applied to realize two (ap@ing) representative samples. First,
half of all Luxembourgian school classes at gradeefe selected randomly. All students of
these classes patrticipated. This sample was repiedise of sixth-graders in Luxembourg.
Second, a representative age-based sample was.dfamthis purpose, all students who were
enrolled in school in the school year 1963/64 weeatified in the selected schools and
participated. This included students that atteradasises spanning from grade 4 to 6 (students
in lower grades had repeated one or more clasdéf)e 2824 students, 84% were in Grade 6
of primary school, 11% in Grade 5, and 5% in Gréd€his sample is representative of
students aging 12 years and attending primary $chdaxembourg.

In 2008/09, a large follow-up study (MAGRIP-R) wamnducted. The former students
now aged around 52 years. This follow-up was furtethe Fonds National de la Recherche
Luxembourg (FNR/VIVRE/06/09/18) and led and des@ynader the supervision of Principal

Investigators Prof. Dr. Martin Brunner and Prof. Bomain Martin in close cooperation with
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Frederic Berger (CEPS/INSTEAD). As the project’'s&arch Coordinator, Dipl-Psych.
Daniela Schalke was responsible for daily projeahagement and database construction.

Data collection took place from November 2008 tagist 2009. In a first step, the
current addresses of the original participants wagatified using the database of
Luxembourg’s social security agency (permission grasted by the Luxemburgian data
protection committee “Commission Nationale PouPtatection des Données”). Addresses
could be found for 2377 of the former participard®6 had died, and addresses were
unknown for 281 participants. Subsequently, aifgdtsample of 1632 individuals was
drawn and contacted, to ask whether they wantedrtitcipate in the follow-up study.
Stratification was achieved in respect to regiohurembourg and gender. These people
were contacted randomly. 745 took part in the st@89 could not be contacted and 587 did
not want to take part in the study. Data was ctdl@n three stages: Stage 1 consisted of a
household study. 745 participants (53.3% femaleewesited at home by trained assessors
and interviewed on their life history in regardieir educational and professional history. In
addition, data was collected on health and welipeOn average, the interview and
guestionnaires took 90 minutes. This stage of daltaction took place from November 2008
to January 2009. Stage 2 consisted of group tekiimpe assessment of cognitive abilities.
247 participants that had been part of the houslettaldy came to the University of
Luxembourg on 4 weekends in March 2009. The tedt 8 minutes and the participants
were invited for lunch afterwards to thank themtfoeir participation. Stage 3 was conducted
to collect data on the cognitive abilities of theseticipants who had taken part in the
household study, but were not able to come to tbetesting sessions. Thus, 131 people
were visited at home by trained assessors andvegtaismall monetary incentive for

participating in the study. These tests took plaeeveen April and August 2009. See Figurers
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9 and 10 in Appendix D for an overview that summesithese steps for the samples in
Studyl and 2.

For the analyses in Chapter 2, Chapter 3, and €hdpsubsamples were drawn from
the base sample described above. The subsampleselected so that the research question
under study could best be addressed. Thus, sasipkssmay vary for each of the studies in

the present Ph.D. thesis. The subsamples are loedan detail in the respective chapters.

1.6.2 Study 1: Development of Intelligence

The first study examined the development of ingeltice over the lifespan (see
Chapter 2) by focusing on two key aspects: (a)ilgtabnd change in the structure of
intelligence with reference to the age differemiatdedifferentiation hypothesis (how
different cognitive abilities relate to each otheross age) and (b) differential stabilities (the
rank order of persons’ intelligence levels acras®}. To this end, we drew on two structural
conceptions of intelligence: (a) the extended Gfr@axlel (Cattell, 1987; J. L. Horn & Noll,
1997), to study broad cognitive abilities and (i@ three-stratum model (Carroll, 1993), to
decompose cognitive change into processes thahared by all broad abilities (attributable
to general cognitive abilitg) and processes specific to a certain ability (eelent of).

For these analyses, we drew on the age-based santpieMAGRIP data. Thus, only the 12-
year-old students were included to control for ggffects on the development of cognitive
abilities. This rendered a sample of 344 (56.4%dle)participants for the analyses.
Intelligence at ages 12 and 52 was assessed byulntests taken from a standardized and
well validated German intelligence test batteryned the “Leistungsprufsystem” (L-P-S; i.e.
achievement test battery, W. Horn, 1962, 1983)r booad abilities were assessed by the
test: Fluid reasoning (Gf), Comprehension knowle(ge), Visual processing (Gv), and
Processing speed (Gs).

Drawing on two different models of intelligenceu®y 1 makes several important
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contributions to the empirical body of research:Tlae study covers 40 years from age 12 to
age 52 and thereby covers an age range for whitehdmpirical knowledge exists, middle
adulthood. Longitudinal research on child developtias seldom examined intelligence
development beyond early adulthood and most a@wkldpmental research focuses on old
age. (b) Previous research on the developmenedittiacture of intelligence has produced
mixed results, probably as a result of several oulogical difficulties. Thus, in contrast to
most previous research, we studied these procesadengitudinal study over a very long
time period (i.e. 40 years) with a homogeneoussageple. Hence, we did not confound for
maturation effects on cognitive abilities as thegke is homogeneous in respect to age and
the participants should have had more or lessaheedevel of maturation at both times of
measurement. In addition, we did not confound fetdny effects on cognitive abilities as the
participants were all of the same cohort (for exintipe Flynn effect, Flynn, 1987). The

study design with the two intelligence models alboMthe decomposition of change specific
to certain broad abilities and change shared batalities. (c) Most previous research on the
differential stability of intelligence has been docted on the manifest level and therefore did
not control for changes in the operational defamtof the construct or for measurement error.
In addition, most previous research did not exarthieedifferential stability of specific

abilities after the influence @f has been accounted for. The results of the arsabrse

described in Chapter 2 of the present dissertation.

1.6.3 Study 2: The Impact of Educational Attainment

The second study investigated the long-term impaguantity and quality of formal
education on the development of cognitive abilibeer the lifespan (see Chapter 3). Quantity
of formal education was assessed by years of sicigoafter primary school and quality of
formal education was assessed by school tracknpreacademic vs. academic track). We

focused on the development of Gf and two sepasgiecas of Gc, a more verbal measure (i.e.
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word knowledge) and a factual knowledge measureviledge of the world, Schipolowski et
al., 2014). The differentiation between Gf and &omportant, as they are supposed to be
differently affected by biological and environmdntdluences and may thus relate differently
to formal education (Li & Baltes, 2006). Crucialthe study design permitted the
examination of interactions between the impactuaEmdity and quality of formal education on
Gf and Gc. We performed separate analyses for ég@bndent variable at age 52: fluid
reasoning (Gf), word knowledge (Gc; verbal abilitgihd knowledge of the world (Gc; factual
knowledge). Years of formal education were inclugethe model as a mediating variable,
while we controlled for childhood fluid reasonin@ff and word knowledge (Gc; verbal
ability). The effect of quality of formal educatidie. school track) was examined by
specifying multiple-group models, where we estirddtes effects of the non-academic and
the academic track simultaneously. For these aeslyse drew a sample from the MAGRIP
data, which included only those students who wergehars old and in Grade 6. In doing so,
we controlled for the differential effects of agiag well as possible effects of quantity of
schooling in primary school. This yielded a sangdl815 (55.9% female) students.

The analyses in Study 2 are singular, as they methe impact of schooling on
cognitive abilities even 30 years after particigamad left formal education. To our
knowledge, no other study has examined comparabtgterm effects of formal education on
cognitive abilities. In addition, we simultaneouslyestigate the effects of quantity and
guality of formal education as well as possibleiattions. Another vital feature of the
present study is that we examine two distinct aspafcerystallized ability in middle
adulthood: (a) word knowledge (WK), a more verbaksure, and (b) knowledge of the
world (KW), a factual knowledge measure (Schipolives al., 2014). The results of Study 2

can be found in Chapter 3.
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1.6.4 Study 3: The Impact of Grade Retention in Pmary School

The third study examined the long-term impact @idgr retention in primary school on
three key life outcomes, namely educational attammadult income, and adult intelligence
(see Chapter 4). Grade retention is a very fregpedagogical method in Luxembourg. The
data from the household sample in 1968 show thartyesixth participant was retained at least
once in primary school. In 2011, the European Cossion reported that about 20% of all
Luxembourgian students are currently retainedagtlence in their school careers (European
Commission, 2011). Grade retention is supposee toelneficial for the students, but there
are controversial findings concerning this posigfkect (European Commission, 2011;
Holmes & Matthews, 1984; Jimerson, 2001). In thespnt Ph.D. thesis, we examined the
effect of grade retention on educational attainnfeat years of formal education), adult male
income, and adult cognitive abilities (i.e. genenélligenceg). We were able to control for
several important child, school, and parent chargstics that have been shown to affect
grade retention and cognitive development. Toehid, we first applied propensity score
matching to identify suited comparison groups ¢direed and non-retained students and
second, included control variables in the multiglgression analyses. We had to draw on
different base samples from the MAGRIP Study faheeey life outcome. Therefore, a
separate propensity score matching procedure gmelsgon analysis was performed for each
key life outcome under study. After accountingrfassing data and performing the
propensity score matching procedure, the samptabdaregression analysis contained the
following samples sizes: First, the analyses farcational attainment were based on 472
(51.9% female) successfully matched students, a¢w@7 (49.5% female) were retained and
375 (52.5% female) were promoted. Second, the seslyf adult income were based on a
sample of 191 (0% female) successfully matchedestisl of which 46 (0% female) were

retained and 145 (0% female) were promoted. Thinel analyses of general cognitive ability
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g were based on 187 (52.4% female) successfullyhedtstudents, of which 37 (45.9%
female) were retained and 150 (54.0% female) weympted. The results are reported in
Chapter 4.

The analyses in Study 3 are of great importancéh®existing body of empirical
research, as studies examining the long-term impfagtade retention are scarce. Crucially,
to our knowledge, no study exists that has lookexffacts of grade retention in primary
school 40 years after the retention decision haah Ineade. Grade retention is a very frequent
and expensive measure, as still today 20% of atelmbourgian students are retained for at
least one school year during primary school (Euaop@ommission, 2011). Thus, teachers,
teaching facilities, and teaching materials neeoetprovided for 20% of all Luxembourgian
students for an additional year. The most importaatures of Study 3 are: (a) The 40-year
span from late childhood to middle adulthood andlfe examination of three important key
life-outcomes (i.e. educational attainment, acudbme, and adult intelligence). Previous
longitudinal studies on grade retention have ra@ked at length of schooling or
intelligence development beyond school age. Intadito our knowledge, no study exists
that addressed the impact of grade retention ol exdome. (c) We were able to control for
several important key school, child, family, andguaial characteristics related to grade

retention and educational attainment.

36



Chapter 2 — Stability and Change in Intelligence fom Age 12 to Age 52

Chapter 2 - Study 1: Stability and Change in Intelligence from Age 12

to Age 52

2.1 Theoretical Background

Stability and change in intelligence across theslian are crucial topics in human
development because intelligence is of great ingpae for facing challenges at school, at
work, and in every-day life (L. S. Gottfredson, I8% To profoundly understand the
developmental dynamics of cognitive aging, it isezgial to study longitudinal data that
extend from childhood to adulthood where the samdesiduals take the same cognitive
measures two or more times (Schaie & Hofer, 200l¢re are a number of longitudinal
studies that have tackled the developmental dyraaficognitive abilities from early
adulthood to old age such as the Seattle Longial@tudy (Schaie, 2005), in very old
individuals such as the Berlin Aging Study (Bakkekindenberger, 1997), and from late
childhood into old age such as the Scottish MeBtaley (Deary et al., 2000; Deary,
Whiteman, Starr, Whalley, & Fox, 2004; see Schaidder, 2001 for a review of other
longitudinal studies). However, little is known aibvdhe developmental dynamics of cognitive
abilities from late childhood to middle adulthoddhus, the present longitudinal study
contributes to the existing body of research bystigating the change and stability of
intelligence from late childhood (age 12) to middtulthood (age 52). More specifically, we
tackled two key aspects of lifespan intellectualelepment over a 40-year time period
concerning (a) changes in the structure of intefige embedded into the framework of the
age differentiation-dedifferentiation hypothesisdgb) differential stabilities, that is, the rank

ordering of persons’ intelligence levels across age
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2.1.1 Conceptualization and Structure of Intelligere

Intelligence can be conceptually defined as “[..vay general mental capability that,
among other things, involves the ability to reagman, solve problems, think abstractly,
comprehend complex ideas, learn quickly and |letamm fexperience” (L. S. Gottfredson,
1997a, p. 13). Most current psychological rese&dased on the psychometric approach
(Neisser et al., 1996), which states that intefigeis well measured by tests, and individual
differences on these tests are well representetirbgtural models (L. S. Gottfredson &
Saklofske, 2009). These structural models (in teshtonfirmatory or exploratory factor
analytic models) are of central importance bec#usg provide the starting point for relating
intelligence to other theoretical concepts andstadying cognitive change (Edwards &
Bagozzi, 2000).

An important distinction has to be made betweersthagstical structure of intelligence
and the theoretical interpretation of this struet(itan et al., 2011). Statistically, the common
factors in factor models of intelligence capture sfared variance of the observed test scores
and a theoretical framework is needed in ordenterpret these factors. Whereas it is widely
agreed that intelligence is hierarchically struetuwith constructs varying in their levels of
generality, theories of intelligence differ in theonceptions of how broadly these constructs
are defined and how many hierarchical levels aeslee (Carroll, 1993; Cattell, 1987).
Nevertheless, the similarities of different thesrage so apparent that McGrew (2009)
recently proposed the CHC model (Cattell-Horn-Clammdel) of intelligence, and thereby
synthesized the two most prominent theories irfiglé: (a) the extended Cattell-Horn theory
of fluid and crystallized intelligence (Cattell, &8 J. L. Horn & Noll, 1997), and (b) Carroll’'s
three-stratum theory (1993). The CHC model (McGr2dg9) specifies a large number of
primary abilities at the first level of the hieragc On the second level, primary abilities that

rely on the same cognitive demands are structumeda system of 10 broad abilities. These
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broad abilities (for a description of the abilitilsat we examined in the present study, see
Table 1) have been reproduced in several studiestheeir discriminant validity has been

shown (Carroll, 1993; J. L. Horn & McArdle, 2007;LJ Horn & Noll, 1997). At the apex of
the hierarchy in the CHC model is a general faofontelligence, namelyg, which accounts

for the positive intercorrelations of the broadlipfactors.
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Table 1

Definitions of Abilities and Descriptions of Corpssiding Measures as Applied in the Present Study

Broad ability

Measure

Description

Fluid reasoning (Gf) “describes the use of deliberate and controlled
mental operations to solve novel problems that cannot be
performed automatically. [..] Inductive and deductive reasoning
are generally considered the hallmark indicators of Gf.”

Comprehension-knowledge (Gc) “is typically described as a
person's breadth and depth of acquired knowledge of the
language, information, and concepts of a specific culture, and/or
the application of this knowledge.”

Visual processing (Gv) “is the ability to generate, store, retrieve,
and transform visual images and sensations.”

Processing speed (Gs) “is the ability to automatically and fluently
perform relatively easy or over-learned elementary cognitive tasks,
especially when high mental efficiency (i.e., attention and focused
concentration) is required.”

Concept Formation
(Gf_1)

Number and Letter
Series (Gf_2)

Vocabulary (Gc_1)

Word ldentification
(Gc_2)

Mental Figure Folding
(Gv_1)

Spatial Relations (Gv_2)

Perception Speed (Gs_1)

Accuracy (Gs_2)

Identify, categorize, and determine rules from a
complete stimulus set of patterns.

Identify, categorize, and determine rules from a
complete stimulus set of numbers and letters.

Identify the spelling error of a given noun.

Identify a word out of a random composition of letters.

Identify the same position of a marker point on the
layout and the folded object.

Identify the number of all hidden and unhidden
surfaces of an object.

Quickly count all target objects and circle each eighth
target object.

Quickly and accurately compare two rows that should
be identical and find the error in the right row.

Note Definitions are adopted from McGrew (2009, p. B)X
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Even though the CHC model offers an integratingtexny for the similarities of the
two underlying models, the extended Gf-Gc and linee-stratum model differ crucially with
regard to the nature gf Carroll (1993) interpretg as a unique cognitive ability, whereas
Horn argues strongly against the existencg @ompare J. L. Horn & McArdle, 2007; J. L.
Horn & Noll, 1997). Interestingly, theories thatcapt or do not accept the existence bive
been used for different research purpogekeoriesdominate studies investigating the
predictive powers of cognitive capacities whgigas been empirically demonstrated to
predict a number of key life outcomes such as ddut achievement (Strenze, 2007),
occupational success (Schmidt & Hunter, 2004),landevity (L. S. Gottfredson & Deary,
2004). Howeverg theories have rarely been used in developmergabreh (Ackerman &
Lohman, 2003), as “the description of a cognitiystem with only a singlg factor is an
overly simplistic view of the more complex sequahtiynamics” (McArdle et al., 2002, p.
134). Thus, in developmental research two-compothemaries such as the extended Gf-Gc
theory have been prevailing (Lindenberger, 200hgsE theories focus on the interplay and
differences between fluid and crystallized abisitibut not org. However, we think that a
comprehensive study of age-related changes inthetgre of intelligence should examine
both broad abilitieendg. Hence, in the current study, we scrutinized thenge and stability
of intelligence by capitalizing on (a) the extend&dGc model (Figure 1a) and (b) the three-
stratum model (Figure 1b). Importantly, these tivearies differ not only in their structural
conceptualization of intelligence, but they maydigyhlight different aspects of change.
Specifically, a first-order model like the extend8iGc model allows examination of change
in broad abilities and their intercorrelatiogscaptures these intercorrelations in a higher
order model like the three-stratum model, and ifferént abilities statistically represent
residual factors where the influencegat partialled out (Brunner, Nagy, & Wilhelm, 2012)
These residual factors capture only what is spetifieach ability and are referred to as
Gfspecific GCspecific GVspecific aNdGSspecificin the model. Hence, a higher order model allows

separating change specific to each ability fronngeashared by all abilities, captureddy
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a) Extended Gf-Gc¢ Model b) Three Stratum Model
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Figure 1

Alternative structural conceptualizations of inggce: (a) first-order factor model,
representing the extended Gf-Gc model, (b) highgerofactor model, representing the three-
stratum model, (c) longitudinal extension of théeexied Gf-Gc model, and (d) longitudinal
extension of the three-stratum model. Models Csthow the standardized factor loadings
as obtained from Model T1.6 for the extended Gfrtaxlel and Model C.3 for the three-
stratum model. Gf = fluid reasoning, G¢ = compref@mknowledge, Gv = visual
processing, Gs = processing speagd,general cognitive ability. In Figures 1b and tie
suffix specificindicates specific abilities from which the infhee ofg was partialled out.
Squares represent manifest test scores, circlesseant latent variables; one-headed
asymmetrical arrows represent directional regressoefficients (factor loadings), whereas
two-headed symmetrical arrows represent variancesvariances. Correlated uniqueness
terms of the manifest indicators Gc_1, Gv_2, Gantl, Gs_2 in the longitudinally extended

models (see text) are not shown to ensure clafipyesentation.
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In the current study, we focus on the developmeahtaamics of four broad abilities:
fluid reasoning Gf), visual processing3V), processing spee§), and comprehension-
knowledge G¢). Gf and Gc resemble the two opposing ends oiti@silin two-component
theories of intelligence, namely fluid and crystat abilities (Li et al., 2004). Moreover, Gv
has shown incremental validity in predicting ediaral and vocational attainment (Shea,
Lubinski, & Benbow, 2001), and Gs has been showpldg an important role in the

development of cognitive abilities (Salthouse, 1996

2.1.2 The Distinction between Fluid and Crystallizé Abilities

According to lifespan cognitive psychology proposgd.i and Baltes (2006), three
kinds of influences and their interactions affemgmitive development: (a) biological
processes, (b) normative environmental processgs fermal education), and (c) non-
normative person-specific experiences that resoith fself-selection into different
environments. However, some broad abilities magnbee sensitive to the environment than
others. For example, the extended Gf-Gc theoryalés broad abilities on a continuum
between two poles (Cattell, 1987; Li et al., 2004)d abilities (e.g. Gf, Gv, Gs) that are
more strongly based on biological processes, aystallized abilities (e.g. Gc) that are to a
larger extent influenced by the environment. Asghe@ge, environmental influences,
especially person-specific experiences, accumalateshould result in increased individual
differences between persons. However, this increagariance should be more pronounced
for crystallized than for fluid abilities. Moreovdyecause fluid and crystallized abilities are
predicted to be influenced differently by biolodipaocesses (e.g. aging) and the
environment, crystallized abilities decline lessd ¢ater in life compared to fluid abilities

(McArdle et al., 2002; Schaie, 2005; Tucker-Dro002).

2.1.3 The Age Differentiation-Dedifferentiation Hymthesis

One of the most comprehensive hypotheses regatitendevelopment of intelligence
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is the age differentiation-dedifferentiation hypesis that postulates three developmental
stages across the lifespan (Baltes et al., 198 fifst stage odlifferentiationoccurs during
maturation, but especially in early childhood widkfferent broad abilities are proposed to
become increasingly independent of each other iwdteasing age (Deary et al., 1996). This
effect is statistically represented by a declinentercorrelations among broad abilities in the
extended Gf-Gc model (Deary et al., 2004) or a mregjvely decreasing role of the influence
of g in the three-stratum model (Escorial, Juan-Es@inGarcia, Rebollo, & Colom, 2003).
The following time of adulthood is described asags ofstability in the structure of
intelligence (Baltes et al., 1980). The third stafdedifferentiations characterized by again
increasing dependencies among different broadtiakilhs people reach old age (Baltes et al.,
1980). This effect is statistically representedrimyeases in intercorrelations among broad
abilities in the extended Gf-Gc model (Deary et2004) or an increasing influencegin

the three-stratum model (Escorial et al., 2003).

Theoretical accounts of age differentiation-dedifentiation. Theoretical accounts
refer to the differential impact of biological aadvironmental influences on fluid and
crystallized abilities as well as their interdepencies. Specifically, Cattell's investment
theory (1987) postulates that fluid abilities aredsted into the acquisition of crystallized
abilities by taking advantage of environmental h&ag opportunities. When the environment
becomes more heterogeneous as life unfolds, soydtaltized but not fluid abilities because
crystallized abilities are more strongly impactgdiiee environment. This in turn leads to a
differentiation of fluid and crystallized abilitiekifespan developmental psychology has built
upon these ideas and proposed comparable mechawoisdedifferentiation in old age
(Baltes & Lindenberger, 1997; Li & Baltes, 2006}.tAis stage, biological influences regain
in importance by restricting cognitive performameduid abilities (Lindenberger & von
Oertzen, 2006). Comparable to investment theowljrdes in fluid abilities limit the

acquisition or expression of crystallized abilifiaad hence, the two broad categories of
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cognitive functioning grow closer together agaie.(common cause hypothesis; Baltes &
Lindenberger, 1997). However, some empirical figdipoint to qualitatively different
processes that operate during maturation and semes¢Hommel, Li, & Li, 2004) so that
they cannot simply be interpreted as the reversach other (Li & Baltes, 2006; Li et al.,
2004).

Empirical results on age differentiation-dedifferemation. The empirical results for
the age-dependent differentiation-dedifferentiabo& mixed (see Tucker-Drob & Salthouse,
2008 and ; Zelinski & Lewis, 2003 for a good ovewiof additional studies). For instance,
support was found in cross-sectional comparisorBdites and Lindenberger (1997), Deary
and colleagues (2004), Hayslip and Sterns (19749nd colleagues (2004), as well as
longitudinal studies by Ghisletta and colleagueli¢@tta & De Ribaupierre, 2005; Ghisletta
& Lindenberger, 2003). By contrast, no support ¥easd in cross-sectional studies by
Escorial and colleagues (2003), Molenaar, Dolarghafits, and van der Maas (2010),
Tucker-Drob (2009), and Tucker-Drob and Saltho2€€8), or in longitudinal studies by
Zelinski and Lewis (2003), and Schaie, Maitland]ld/iand Intrieri (1998). This leads to the
conclusion that still, little is known about theedgvel at which differentiation and
dedifferentiation actually occurs or whether thieef exist at all.

Problems in the study of the age differentiationdiferentiation hypothesisTo
some extent, these mixed findings may be attribtdednumber of methodological
challenges. First, studies have applied differéiitta measures and/or have used samples
that differed in their composition and age, whicaymender the findings somewhat
incomparable (Lindenberger & von Oertzen, 2006308d, the operationalization of the age
variable in the analyses poses a problematic qure@¥lolenaar et al., 2010). Combining
different age levels into one age group and digdhe sample into respectively younger and
older age groups, categorizes a continuous varaiies problematic because little is known

about the age level at which differentiation andifierentiation occurs. Third, the effect can
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be conceptualized in a number of different waysn&astudies have contrasted the proportion
of variance accounted for by the first unrotated@pal component (Li et al., 2004) or the
(mean) subtest correlations among two or more aggpg (Deary et al., 2004). However,
these approaches reveal little as to where in thaetan increase (decrease) in correlations
among different broad abilities originates and threclude a better understanding of the
effect. Others have tested the factor structuidifédrent age groups by casting constraints on
factor covariances, variances, and/or loadingsriZkel & Lewis, 2003). This approach is
much more specific, but it does not solve the pobbf categorizing the age variable. Only a
few studies have analyzed the effect within a stmat equation modeling approach by
casting explicit age constraints on the parametetise model (Tucker-Drob & Salthouse,

2008; Tucker-Drob, 2009) or by using age-moder&detbr analysis (Molenaar et al., 2010).

2.1.4 Differential Stabilities

Age-dependent differentiation-dedifferentiation cemns the stability and change in
the structure of intelligence; that is, whether tmd/hat extent ability constructs operate
similarly across time. A second key aspect reggrthe developmental dynamics of cognitive
abilities concerns differential stabilities; that whether the rank ordering of individuals
remains stable across time. Statistically, thiggesented by the autocorrelation of cognitive
abilities across time, which requires longitudidata. The existing findings suggest that
shows high differential stability across the lifaepAn extensive review of studies that have
examined the differential stability gfcan be found in Conley (1984) or Deary and collesg
(2000). For example, Deary and colleagues (20004 R port differential stability estimates
across almost the entire lifespan from age 11 éo/7agas well as age 11 to age 80 with
correlation coefficients (not corrected for measugat error) of = .63 and = .66,
respectively. Hertzog and Schaie (1986) analyztdrdntial stability by means ofgfactor

spanning an age range of 20 to 74 years at thigdsssession, over a time span of 14 years.
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They found differential stability estimates fpthat were corrected for measurement errar of
= .92 for the whole age sample as well as comparatelations when they divided their
sample into three age groups (young:.93; middle ager. = .96; old ager = .89).

Only a few studies have addressed differentialilgiab of different broad abilities
over long time periods. The results of some keglisgiindicate comparable differential
stabilities for broad abilities as were found ¢affor a summary see Table 2). However, some
studies have found higher differential stabilitiescrystallized than for fluid abilities
(Eichorn, Hunt, & Honzik, 1981; Kangas & Bradwa®,71; Nisbet, 1957; Owens, 1966;
Pushkar Gold et al., 1995; Schwartzman, Gold, Asidikebuckle, & Chaikelson, 1987), but
others have not (Larsen, Hartmann, & Nyborg, 2@i8iaie & Strother, 1968; Tuddenham,
Blumenkrantz, & Wilkin, 1968). Interestingly, Larsand colleagues (2008) found a vast
decrease in differential stabilities of both verlat arithmetic reasoning fron¥ .82 and .79
tor = .44 and .36, respectively, after the influencg bad been partialled out. This indicates
that a large proportion of the differential stai® of broad abilities (as represented by first-
order factors) may be attributed to the differdrdtability of g. Hence, the rank ordering of
specific abilities may be subjected to changelarger degree thag However, this
conclusion is tentative because, to our knowletlgestudy by Larsen and colleagues (2008)
was the only study that took the stabilitygohto account when studying the differential

stabilities of (specific) abilities
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Table 2
Summary of Previous Key Studies on the Different&thbility (r) of Cognitive Abilities

Mean age in years

Follow- Corrected g
Study Initial up N Cognitive ability Correlation form.e. partialled Measure
Eichorn et al. (1981) 17-18 36-48 250 Verbal .84 (men) No No Stanford-Binet or Wechlser
.81 (women) No Bellevue (initial) and
Performance .69 (men) No Wechsler Adult Intelligence
.63 (women) No Scale (follow-up)
Kangas & Bradway (1971) 30 42 48 Verbal .70 No No Wechsler Adult Intelligence
Performance .57 No Scale
Larsen (2008) 20 38 4321-4385 Verbal reasoning .82 No No Army Classification Battery
(only men) Arithmetic reasoning .79 No
Verbal reasoning 44 No Yes
Arithmetic reasoning .36 Yes
Nisbet (1957) 22 a7 141 Vocabulary 48 No No Simplex Group Test
Verbal A4 No
Number .39 No
Owens (1966) 19 61 96 Verbal .52 -.60 No No Army Alpha
(only men) Reasoning 41 - .54 No
Pushkar Gold et al. (1995) 25 65 316 Verbal abilities .93 Yes No Revised Examination "M"
(only men) Nonverbal abilities .64 No
Schaie & Strother (1968) 20-70 5 year 302 Verbal meaning .88 No No Primary Mental Abilities
intervals Reasoning .93 No
Space 75 No
Schwartzman et al. (1987) 25 65 260 Verbal abilities .82 No No Revised Examination "M"
(only men) Nonverbal abilities .54 No
Mechanical abilities .66 No
Tuddenham et al. (1968) 30 43 164 Reading and vocabulary .69 No No Army General Classification
(only men) Arithmetic reasoning 74 No Test
Pattern analysis (visual .64 No

processing)

Note m.e. = measurement error
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However, previous findings on differential staldg (Table 2) should be interpreted
with some caution for two reasons. First, therecalg a few longitudinal studies that have
used latent variables that are free of measurearemt. Hence, the reported results may
underestimate the true differential stabilitiesdaese the stabilities reported for manifest test
scores are attenuated by measurement error. Sabendifferential stabilities of broad
abilities (e.g., in a first-order model) may be matimated because they do not separate the
stability ofg from the stabilities of broad abilities. Consedierthe differential stabilities of

specific abilities as conceptualized in terms bfgher order model may be somewhat lower.

2.1.5 Methodological Requirements—Measurement Invaance

According to Little (1997), two types of measuremi@nwariance (MI) can be
distinguished: Type 1 MI concerns properties ofrtieasurement scale (i.e., the measurement
part of a model) across time, and Type 2 MI conedatent variances, covariances, and
means (i.e., the structural part of a model) actioss. Type 1 invariance of measurement
properties is needed in order to make meaningfuparisons of any latent construct in the
intelligence models described above across time) (ag separating true changes in latent
abilities from changes in operational definitiorighee constructs. Thus, we first have to
ensure that the measured (sub)tests relate tatéret kommon factors in the same way at all
times of measurement (Meredith & Horn, 2001). Mepecifically, Type 1 MI concerns four
different properties of the measurement scale (@h&uRensvold, 2002). Firstonfigural
invariancerequires that the pattern of zero and nonzerangadf observed indicators on the
common factors remain the same across time. Seowtdc invariancerequires invariant
factor loadings across time (i.e., the magnitudébeunstandardized factor loadings have to
be equal at all measurement occasions) and allomtbé application of meaningful analyses
of correlations and variances across time (Lubl@al Kelderman, & Mellenbergh, 2003).

Third, error invariancerequires the residual variances of the observdidartors (unique

49



Chapter 2 — Stability and Change in Intelligence fom Age 12 to Age 52

indicator variance and measurement error variaiackg invariant across time to ensure that
the indicators are measured with the same amouypreafsion. A lack of error invariance may
complicate the meaningful interpretation of lateatiances, covariances, and means even
when other invariance constraints are tenable (DeSk004). Fourthscalar invariance
requires time-invariant intercepts and is neede@ fmeaningful comparison of means. Horn,
McArdle, and Mason (1983) have questioned whethen enetric invariance can realistically
be expected in complex data sets used in develdphstndies. However, some studies have
shown that cognitive measures can demonstrateamevariance across several age groups
(for an overview see Zelinski & Lewis, 2003).

Type 1 Ml is important and necessary but only aqaeisite for studying so-called
Type 2 differences in latent variances, covarianaed means (Cheung & Rensvold, 2002; T.
D. Little, 1997). Crucially, the Type 2 differencespresent the substantive research interest in
the present study because changes across time aowvariances and variances of the latent
broad abilities directly tackle age differentiatidadifferentiation. Remember that the
hypothesis postulates changes in intercorrelatbaisferent broad abilities across life stages.
In a first-order model, such as the extended Gf¥6del, changes in correlations among
broad abilities can be caused by changes in cova@saand/or changes in variances because a
correlation between two broad abilities is compuigdlividing their covariance by the
product of their standard deviations. In a higheleo model, such as the three-stratum model,
a change in the intelligence structure is captbyedhanges in the variance of specific

abilities andy, as well as second-order factor loadings of tffferdint ability constructs og.

2.2 The Present Study

The present study tackles two key aspects of thieldemental dynamics of cognitive

abilities concerning (a) stability and change ia structure of intelligence with reference to
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the age differentiation-dedifferentiation hypotisesnd (b) differential stabilities across a 40-
year time period from late childhood (at age 12) middle adulthood (at age 52). A vital
feature of the present study is that we examinesetlilevelopmental dynamics by means of
two alternative structural conceptualizations aéliigence: (a) the extended Cattell-Horn Gf-
Gc model (Cattell, 1987; J. L. Horn & Noll, 199 f)da(b) Carroll's three-stratum model
(1993). Most previous developmental studies haveeptualized intelligence by applying
two-component models, such as the extended Gf-Gleinehereas psychometric research
has been dominated by theoretical models thatdedusuch as Carroll's three-stratum
model. Crucially, each model highlights differespacts of the data that are not visible from
the vantage point of the other model. In particutae extended Gf-Gc model emphasizes
change in broad abilities as a whole, whereashiteetstratum model divides this change into
change that is specific to each ability and chatgeed by all abilities and thus captured by
g.

Drawing on these alternative conceptualizationsitelligence, the present
longitudinal study makes several important contrdns to the empirical body of research on
the developmental dynamics of cognitive abilitigg.It spans 40 years from late childhood to
middle adulthood. Previous longitudinal studieschitd development have rarely looked at
intelligence development beyond early adulthood, st of the developmental research on
adults focuses on old age but not on middle adatthblence, the present study provides vital
information on cognitive development for an agegeafor which little empirical knowledge
exists. (b) Previous results on the age differéintiadedifferentiation hypothesis were mixed,
and still little is known about the differentiatiamd dedifferentiation of the structure of
cognitive abilities from late childhood to middldudthood. Crucially, and in contrast to most
previous research, we studied these processesalfioears of people’s lifetimes by means

of a longitudinal sample that is highly homogenewiik respect to age. Moreover, as most
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previous developmental research on this hypothvesssembedded in the extended Gf-Gc
model, it is not clear whether changes in the stingcof intelligence can be attributed to a
common core in terms gfor whether these changes are limited to spedifi¢ias. (c) Most
previous research on the differential stabilityrdgélligence was conducted on the manifest
level and therefore did not control for changethmoperational definition of the construct or
for measurement error. Moreover, previous reseauastly drew on the extended Gf-Gc
model. Thus, little is known about the differensbility of specific abilities after the
influence ofg has been accounted for. Taken together, the dustety provides a more
detailed picture of the developmental dynamicsogfnitive abilities for the time span from
late childhood (at age 12) into middle adulthodda@e 52) by disentangling change that is

attributed to specific abilities from change traattributable t@.

2.3 Method

2.3.1 Participants and Procedure

The current longitudinal study (entitted MAGRIP)vers a time span of 40 years and
encompasses two points of measurement: 1968 ar&l ROD968, a multistage sampling
procedure was applied to create two (overlappiegiasentative samples. First, half of all
Grade 6 school classes in Luxembourg were seleatetbmly. All students from these
classes participated. This sample is representatigsexth graders in Luxembourg. Second, a
representative age-based sample was drawn thatetthll students in the selected schools
who were enrolled in school in the school year 12884. These were students who attended
classes spanning from Grades 4 to 6 (studentsverlgrades had repeated one or more
classes). To control for differential effects okamn cognitive development, we drew from

this age-based sample, which included 2,450 chifd&0.0% female) who were about 12

! One student was excluded because of severe ayitgines on one of the intelligence subtests.
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years old 1 = 11.7 yearsSD = 3.8 months) at the time of testing. All childresmpleted a
comprehensive intelligence test, the “Leistungsgystem” (i.e. achievement test battery, W.
Horn, 1962, 1983), which was administered by trdineiversity students in a group setting.
In 2008, a sample that was stratifiegregion of residence in 1968 and genole344
(56.4% female) of these former students retookstime intelligence test at about 52 years of
age. About two thirds of the retested age baseglgafn= 227) took this test in a group
setting; the remaining participants were visitetl@ne to take the test individually. All tests
were administered by trained assessors and th&akest) procedure strictly followed the
standardization of the test manual. Estimateslettee attrition of the retested age based
sample show that (relative to the age base sam@dlg68), the people who participated at
both waves of measurement were slightly positigelgcted with respect to mean childhood
g (Cohen’sd = 0.34) parental socioeconomic status in childhodd (0.08) and grade point
average (i.e., the mean grades computed acro$asstifeur trimesters prior to data collection
in 1968;d = 0.29. Additional information on sample selectivitythie retested age based
sample is depicted in Table 3 (for a detailed osewof the data collection stages and

attrition see Figure 9 in Annex D).
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Table 3

Estimates of Sample Selectivity

Data collected in 1968 Effect size
Total base sample Longitudinal sample in SD units
N = 2,450 n =344

M SD M SD Cohen's d
pSES 39.84 13.67 40.94 12.81 0.08
GPA 45.02 8.50 47.41 7.46 0.28

Childhood intelligence

Gc 100.00 15.00 103.27 13.77 0.22
Gs 100.00 15.00 102.57 13.98 0.17
Gv 100.00 15.00 104.25 14.64 0.28
Gf 100.00 15.00 105.32 13.36 0.35
g 100.00 15.00 105.11 13.20 0.34

Note Effect sizes indicate the selectivity of the ldndinal sample as used in the present
dissertation: Positive effect sizes indicate that\value of a certain childhood characteristic
was larger in the longitudinal sample comparedhéototal base sample. pSES = parental
socioeconomic status measured on the ISEI scalezgbaom, De Graaf, Treiman, & De
Leeuw, 1992; Ganzeboom & Treiman, 1996); GPA = gnaoint averagesc =
comprehension knowledg€f = fluid reasoning(Gv = visual processingss = processing

speedg = general cognitive ability.

2.3.2 Measures

Intelligence at ages 12 and 52 was assessed byguliests taken from a standardized
and well validated German intelligence test baiteamed the “Leistungsprifsystem” (L-P-S;
i.e. achievement test battery, W. Horn, 1962, 1988)Gv, and Gs were each assessed with
two subtests. Gc was captured by three subtesth. gtdtest contained 40 items and had to
be completed within strict time constraints thatevgpecified in the test manual. Because two

of the three subtests of Gc contained the sameslohdems, we merged the scores on these
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two subtests into a single composite score to awauing variance specific to this kind of
subtest reflected in the factor Gc. Hence, eveoadbability factor was assessed by two
subtests, which are described in Table 1. Split+iedibbilities of single subtests as reported in
theL-P-Stest manual range between= .89 for the subtest Gs_1 and= .97 for subtest

Gc_2 (Sturm, Willmes, & Horn, 1993), as well astspalf reliabilities for scales range
betweerr; = .90 for Gf andy = .99 for Gs (W. Horn, 1983). Strum and BUssir@g@) report

a correlation of .94 between the L-P-S total seom@ the total score on the German version of
the Wechsler Adult Intelligence Scale (WAIS; TewE891, note that Annex A contains
detailed information on the reliability and valigiof the L-P-S). In 1968, the children were
randomly administered one of two parallel test fewhthe L-P-S. Because the means and
variances of subtests differed slightly acrossftashs, we used a linear-conversion rule
(Kolan & Brennan, 1995) to equate the test scareshis end, we standardized the subscales
separately for each test form to an 1Q metric witmean of 100 and@D of 15 for the base
sample. In 2008, the participants were given ttecesame test form and items that they had
completed in 1968. To allow meaningful comparisaa®ss time, subtest scores obtained for
the second wave of measurement in 2008 were egbgtesing the same conversion rules as
applied in 1968 (i.e., the standardization of measin 2008 was based on means @bsd

obtained from the entire age based sample in 1968).

2.3.3 Statistical Analysis

Strategy of analysed.ongitudinal confirmatory factor analysis was usedest the
age differentiation-dedifferentiation hypothesisaag| as differential stabilities in both the
extended Gf-Gc and the three-stratum model. Sortteecdubtest scores were approximately
but not strictly normally distributed. We therefarged maximum likelihood estimation with

robust standard errors (MLR) as implemented inMipéus program (Mplus 6; Muthén &
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Muthén, 1998, 1998-2010). We conducted our maihyaasa in consecutive steps. In a first
step, we tested for Ml of the psychometric progsrdf the subtest scores (Type 1 MI) across
age 12 and age 52. Because the three-stratum mestielon the extended Gf-Gc model, they
share the same measurement model. Thus, the tdstde 1 MI applied to both models. To
study Type 1 MI, we tested configural invarianastfand metric invariance second. We then
proceeded by testing the equality of error variarimecause these residual variances could
also contain reliable unique sources of varianod,@anges in the residual part of the model
might complicate the substantial interpretatiofiaator variances and covariances, which
were the main focus of the present study. We tdstestalar invariance last as this level of
Type 1 Ml was least important for our hypothesesa$sess model fit we applied nested-
model comparisons and consulted several fit indiicasare recommended in the literature
(see Annex for details). In the second step ofamalyses, we tested for Type 2 Ml of latent
variances, covariances, and factor loadings at¢nogs which tackles the age differentiation-
dedifferentiation hypothesis. Third, we assessedltfierential stabilities of broad abilities,
specific abilities, and.

Handling correlated residual termdA vexing problem of research on cognitive
development is that an observed subtest score ptaynty capture the target ability
construct(s) but also some unique ability thapesc#ic to a certain subtest. The latter is
represented by the subtests’ residual terms imfasbdels (Brunner et al., 2012). Preliminary
analyses showed that for some of the subtests@ce.L, with Gc_%,, Gv_2,, with Gv_ 2,
Gs_%,with Gs_3%,, and Gs_2 with Gs_2,) the residual terms were significantly correlated
across the two measurement occasions. As recomih@mtiee literature for longitudinal
studies (Cole & Maxwell, 2003), we therefore allaitbe residual terms of these subtests to

correlate across time in all models that we ingeséd.
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Handling missing dataMissing values were not a severe problem in ota.d®or the
344 participants in the longitudinal sample, dagmenmissing on one variable (Gv_1) for 11
participants on the other variables for only onénar participants. Full information maximum

likelihood (FIML) estimation was used to handle smg data (R. J. A. Little & Rubin, 2002).

2.4 Results

2.4.1 Descriptive Statistics

The manifest scores of all indicators showed sulbisianean increases across time
with large effect sizes (ranging frodn= 0.52 tod = 2.71; see Table 4). Furthermore, the
correlations between the measures at age 12 arah§2d between= .40 and .62,
suggesting moderate to high differential stabgitié the observed subtest scores (see Table
13 in Annex C for a full correlation matrix of afleasures applied and information on
reliabilities of subtest scores). Moreover, to mgashanges in variance across time, we
computed variance ratios by dividing the varianta subtest score at age 52 by the variance
of the same subtest score at age 12: a valuermfidaites no change in variance, values
greater and smaller than 1 indicate an increasespectively decrease in variance at age 52.
The variance ratios of subtest scores indicatettiieavariances for measures of Gc and Gs

increased more than the variances for measure$ afidsGv.
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Table 4

Mean Change, Differential Stability, and Changé#&/ariability as Obtained for Observed
Subtest Scores in the Longitudinal Sample

Measure Age 12 Age 52 Age 12 vs. age 52
Variance
M SD M SD ES r ratios

Comprehension-knowledge
Gc 1 102.80 13.04 161.98 24.14 271 0.62 3.43
Gc 2 103.11 14.68 133.63 21.13 1.63 0.47 2.07

Fluid reasoning
Gf 1 104.67 14.18 117.42 15.80 0.85 0.48 1.24
Gf 2 104.86 13.02 121.76 13.83 1.26 0.54 1.13

Visual processing
Gv_1 103.51 15.34 11252 18.91 0.52 0.40 1.52
Gv_2 10355 14.12 116.32 14.52 0.89 0.57 1.06

Processing speed
Gs_ 1 101.70 14.79 121.19 23.55 0.96 0.40 2.53
Gs 2 102.22 12.99 121.95 17.40 1.27 0.41 1.79

Note N = 344, full information maximum likelihood estinestfor missing data. ES = effect size for
mean differences of correlated measures acrossctimeuted according to Dunlap, Cortina, Vaslow,
and Burke (1996Y. = differential stability. Variance ratios = var@nat age 52 / variance at age 12;
values larger than 1 indicate larger variabilitage 52 compared to age 12. Gc = comprehension-
knowledge; Gf = fluid reasoning; Gv = visual prosieg; Gs = processing speed; 1 and _2 refer to

manifest variables 1 and 2 that measure the régpdurbad ability.

2.4.2 Invariance of Psychometric Properties of Subst Scores across Time

To study the Type 1 MI of subtest scores, we exathanseries of increasingly
constrained models. The key results of these agslyan be summarized as follows (see
Annex B for a detailed description of these anays&odel fit indices are depicted in Table

5). A partial scalar invariant measurement model,(Ir1.6) where subtests demonstrated
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complete metric invariance of factor loadings, arhvariance of the residual terms (the
residual variances of the subtest scores G¢_1 and Gere not invariant across time), and
partial invariance of the intercepts (the intersegftthe subtests Gc_1 and Gv_1 were not
invariant across time) provided a good fit to tla¢ad The standardized factor loadings (
obtained for this model (see Figure 1c) show thahdactor representing a broad ability was
well defined with values ranging betwekr .50 (for the loading of Gs_1 on Gs at age 12)
andA = .86 (for the loading of G¢c_2 on Gc at age 52 nated above, the residual terms of
some subtests were significantly correlated aditzes$wo measurement occasions, involving
Gc_1withr =.37, Gv_2 withr = .27, Gs_1 witli = .21, and Gs_2 with=.26. Note that

these correlated uniqueness terms remained appaitelnthe same when we tested the three-
stratum model (see below). Model T1.6 also prov&tase insights into changes in latent
means of broad abilities across time (a questiahvias, however, not central to the present
manuscript). We observed substantial and statilstisgnificant increases in mean changes
from age 12 to age 52 representing very large e$iee$: dg; = 1.34,des = 1.48,dgy = 1.186,
anddg: = 1.58. Note that the mean changes observed f@an@&v should be interpreted
with caution as partial scalar invariance impliesttmean changes in the (observed) subtest
scores represent not only changes in the latenhsnafathe corresponding broad abilities, but
also mean change attributable to subtest-spedifitias (see Millsap & Olivera-Aguilar,
2012). To conclude, our results concerning Typel Iniicate that the operational definition
of the four broad abilities is fundamentally thenseat age 12 and age 52 and allows
meaningful comparisons of the latent covariancekvamniances in order to test the age
differentiation-dedifferentiation hypothesis basedthe extended Gf-Gc model and the three-

stratum model, respectively.

2 Effect sizes were computed according to Dunlaptfi@m Vaslow, and Burke (1996) for mean differesioé

correlated measures across time.
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Table 5

Evaluation of Model Fit to Study the Psychometniogerties of the Cognitive Measures (Type 1 Measerd Invariance) and the Age-
Differentiation-Dedifferentiation Hypothesis (Typdeasurement Invariance) for the Extended Gf-Gttae Three-Stratum Models

Model Constraint X2 df CFlI RMSEA SRMR AlC Differences (A)
Compare X2 df CFI RMSEA SRMR AIC
Type 1 Measurement Invariance (T1)
T1.1 configural invariance 87.79 72 .996 .025 .029  43830.60 — — - - — — —
T1.2 metric invariance 107.03 76 .993 .034 .064 4384224 T1.2vs.Tl.1 1851 4 -.003 .009 .035 11.63

T1.3 error invariances - -- -- -- -- - - - - - - - -

T1.4 partial error invariance 120.30 82 991 .037 .074  43844.01 T1.4vs.T1.2 13.09 6 -.002 .003 .010 1.78
T1.5 scalar invariance 234.94 86 .967 .071 142 43949.86 T1.5vs.T14 13595 4 -.025 .034 .068 105.85
T1.6 partial scalar invariance 139.44 84 .988 .044 .086 43859.20 T1l.6vs.T1.4 19.83 2 -.004 .007 .012 15.18

Type 2 Measurement Invariance: Extended Cattell-Horn Gf-Gc Model (CH)

CH.1 all covariances equal 255.83 90 .963 .073 218 43964.11 CH.1vs.T1.6 117.89 6 -.025 .029 132 104.91
CH.2 all variances equal 292.85 88 .954 .082 279  44007.42 CH.2vs.T16 13719 4 -.034 .038 193 148.22
CH.3 variances of Gf equal 147.99 85 .986 .046 101  43866.19 CH.3vs.T1.6 717 1 -.002 .002 .015 7.00

(Table 5 to be continued)
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Table 5. (continued)

Model Constraint X2 df CFlI RMSEA SRMR AIC Differences (A)
Compare x2 df CFlI RMSEA SRMR AIC

Type 2 Measurement Invariance: Carroll's Three Stratum Model (C)

C.1 configural invariance® 165.09 101 .986 .043 .089 43851.66 C.1vs.T1.6 2570 17 -.002 -.001 .003 -7.54
C.2 second order metric 22052 104 974 .057 139 4390098 C.2vs.C.1 61.04 3 -.012 .014 .050 49.32
invariance

C.3 second order partial 165.10 102 .986 .042 .089 4384969 C.3vs.C.1 001 1 .000 -.001 .000 -1.97
metric invariance

C.4 all specific variances 205.65 106 .978 .052 114 4388266 C.4vs.C.3 4054 4 -.008 .010 .025 32.97
equal

C.5 specific variances of Gv  175.27 104 .984 .045 .097 43856.15 C.5vs.C.3 984 2 -.002 .003 .008 6.46
& Gs equal

C.6 equal variances of g 201.54 105 .978 .052 140 43880.79 C.6vs.C.3 3541 3 -.007 .010 .051 31.10

Note Model CH1 and C1 are nested within Model T1.6¢cépt for Model CH2 (nested within Model T1.6), eacbdel is nested within the
previous one. df = degrees of freedom; CFI = compa fit index; RMSEA = root mean square erroapproximation; SRMR = standardized
root mean square residual; AIC = Akaike’s InforratiCriterion. For computing thé difference test as derived from the MLR estimater

calculated scaleg” difference values using the procedure describ&htorra and Bentler (1999)

% Preliminary analyses indicated that parametemestis for a fully configural invariance specificatiof the three-stratum model were not admissibdeovercome this

problem, we constrained the variance of,Gcat age 52 to zero
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2.4.3 Testing the Age Differentiation-Dedifferentiion Hypothesis

The extended Cattell-Horn Gf-Gc moddéflodel T1.6 reflects the structural
propositions of the extended Gf-Gc model, and fioeeeserved as the baseline model for
testing the age differentiation-dedifferentiatigrpbthesis within this theoretical framework.
In the extended Gf-Gc model, age differentiatiomledifferentiation is captured by changes
in the intercorrelations among broad abilities. [Eghshows that except for the correlation of
Gv with Gc, the correlations between broad abditiecreased from age 12 to age 52. To
assess the overall effect of dedifferentiation,computed mean correlations of broad abilities
at age 12 and age 52, respectively. Mean corrakatiere computed by transforming the
correlations among abilities into Fisher:salues, averaging thevalues, and retransforming
the average-value into a correlation coefficient (Cohen, Cohfest, & Aiken, 2003). This
yielded a mean correlation of;o= .57 with a 95% confidence interval of [.48; .6ApHa" 5,

= .75 with a 95% confidence interval of [.71; .79hge 12 and age 52, respectively.
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Table 6

Correlations among Broad Abilities as Obtained tloe Extended Gf-Gc Model

At age 12 At age 52

Gc Gs Gv Gf Gc Gs Gv Gf
At age 12
Gc —
Gs 44 —
Gv .67 43 —
Gf .59 49 74 —
At age 52
Gc .81 .38 .59 .60 —
Gs .40 72 .50 57 .67 —
Gv .50 22 .87 71 .68 .56 —
Gf 57 42 76 .82 79 a7 .90 —

Note These correlation coefficients are based onxtended Gf-Gc model with metric
invariance, partial residual invariance, and pbsitalar invariance (Model T1.6 in Table 5).
These correlations are identical to those obtausaog the extended Gf-Gc model with metric
invariance and partial residual invariance

To study the source of the increased intercoragatiwe examined the age-group-
specific variances and covariances of broad aslitOur results showed that the increased
correlations resulted from increased covariancealfdroad abilities (see Figure 2a) as well
as increased variances for all broad abilities [8gare 2b) with the largest variance increases
for Gc, followed by Gs and Gv. The variance of @f dot change much across time. These
conclusions were corroborated by statistical tesste Table 5) in which we imposed equality
constraints on covariances (Model CH.1) and vagar{Models CH.2 and CH.3) across time
and compared the resulting models with the baséliogel T1.6. To conclude, in the
extended Gf-Gc model, a significant increase inntlean correlation could be observed from
age 12 to age 52, which is indicative of age dedafftiation. Further, the age
dedifferentiation effect was the product of bothirmrease in covariances and variances of

broad abilities.
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Extended Gf-Gc Model
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Figure 2

Dedifferentiation of cognitive abilities across &ras observed in the extended Gf-Gc model
and the three-stratum model: (a) covariances addabilities in the extended Gf-Gc model
(Model T1.6), (b) variances of the broad abilitieshe extended Gf-G¢c model (Model T1.6),
and (c) variances of specific abilities anah the three-stratum model (Model C.3). Error bars
represent the 95% confidence intervals. Gf = fre@soning, Gc = comprehension-

knowledge, Gv = visual processing, Gs = processpagdg = general cognitive ability.
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Carroll's three-stratum modelln the three-stratum model, age dedifferentiatian c
be caused by (a) increases in the second-order flactdings of the broad abilities gn(b)
decreases in the variances specific to Gf, Gc,06Gs, and (c) an increasegtvariance. To
study these sources of dedifferentiation, we fiestded to test the structural propositions of
the model. To this end, we drew on the measuremedel T1.6 and introduced a higher
order factor representirggat age 12 and age 52, respectively. To examirerdiftial
stabilities in the framework of the three-straturadry (described in the next section), we
specified correlations between matching specifitgliactors andg across time,
respectively. Preliminary results indicated that ilading of Gf org at age 52 was estimated
to be greater than one and thus not admissiblev&ccome this problem, we constrained the
variance 0fGfspeciics2t0 zero (Model C.1). This model fit the data waeild not considerably
worse than Model T1.6 (see Rindskopf & Rose, 1988 provide the rationale that the
higher order factor model is nested within the esponding first-order factor model).

To identify the various sources of age dediffei@rin, we drew on Model C.1 and
imposed several equality constraints across tiree fginex B for a detailed description of
these results). In sum, our results showed thanttrease in intercorrelations observed in the
extended Gf-Gc model is the result of several gmgeific changes: (a) increases in the factor
loadings of Gc and Gs an (b) a decrease in the variance specific tavi@f Gf even
becoming indistinguishable frogat age 52, and (c) by a substantial increasecindhiance
of g over time. However, at the same time, the variapeeific to Gc increased, which is

indicative of differentiation.

2.4.4 Differential Stabilities
Figure 3 shows the differential stabilities (ithe correlations of corresponding
factors across age) of the broad abilities in tttereded Gf-Gc model as well as the specific

abilities and in the three-stratum model. These differentiabisitees span 40 years of the
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participants’ lifetimes from late childhood to mldddulthood. Model parameters were taken
from Model T.1.6 for the extended Gf-Gc model andddl C.3 for the three-stratum model.
The values ranged from= .72 tor = .87 in the extended Gf-G¢c model and from .75 tor

= .91 in the three-stratum model. Thus, the resiltsoth intelligence models show very high
differential stabilities for all broad abilitiexyifall specific abilities, and fay. This further
shows that the differential stabilities of specdituailities, after the influence gfhas been
partialled out, remained high and comparable talifferential stabilities of broad abilities
when the influence af had not been controlled for. Finally, no differeadetween fluid and
crystallized abilities were observed for differahstabilities. Hence, both fluid and
crystallized abilities as well agwere found to be highly stable personal traitsnftate

childhood to late adulthood with only minor shiftsthe rank ordering of persons.
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0.87 0.85
0.80 0.81 0.82 0.82
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Figure 3
Differential stabilities as correlations of corresding broad abilities in the extended Gf-Gc
model (Model T1.6) and specific abilities as walban the three-stratum model (Model C.3)
from age 12 to age 52. Gf, Gv, Gs, and Gc ref¢hedoroad abilities in the extended Gf-Gc
model. Gfpeciic GVspecific GSpecific aNd Gepecific refer to specific abilities in the three-stratum
model and represent the correlations of the brbddyafactors after the influence gfhas
been partialled out. The bars represent the 95n8fidmnce intervals. Gf = fluid reasoning, Gc
= comprehension-knowledge, Gv = visual processBgy= processing speeagl= general

cognitive ability
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2.5 Discussion

2.5.1 Cognitive Change in Alternative Structural Caceptualizations of Intelligence

The present study examined two key aspects ofalieldpmental dynamics of
cognitive abilities across the lifespan: (a) siabdnd change in the structure of intelligence
with reference to the age differentiation-dediffération hypothesis and (b) differential
stabilities from late childhood (age 12) into miglddulthood (age 52). To this end, we took
advantage of two alternative structural conceptasibbns of intelligence. The extended
Cattell-Horn Gf-Gc model (Cattell, 1987; J. L. H&MNoll, 1997) has dominated previous
developmental research and examines broad ahil@@soll’s (1993) three-stratum model is
strongly grounded in psychometrically oriented liilgence research and highlights aspects of
the data that are not visible when using the exddr&f-G¢c model. Specifically, the three-
stratum model disentangles developmental procekaeare attributable to what is specific to
a certain ability (independent gf from those processes that are shared by altiabiknd

that are therefore attributabledo

2.5.2 Age Differentiation-Dedifferentiation

According to the age differentiation-dedifferentat hypothesis, the structure of
intelligence is expected to differentiate duringatood until late adolescence, keep a fairly
stable structure during adulthood, and dediffeegatin old age. However, irrespective of the
structural model applied, the results of the prestrdy seem not to fit well into the
theoretically expected pattern, as we found agédfdeshtiation from age 12 to age 52.
Specifically, in the extended Gf-Gc model, we shat &ll covariances between broad
abilities increased significantly and substanti&lbm age 12 to age 52. In contrast, the
variance increases were substantial for Gc andnGs much smaller for Gv, and did not
reach significance for Gf. However, the increasethe covariances among and the variances

of the broad abilities in the extended Gf-Gc maoslete largely accounted for by variance
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increases ig in the three-stratum model, because the variapicgsecific abilities (except

for Gc) did not increase significantly across tirGe. was an exception, demonstrating a large
increase in the variance that was specific to Gneafter the influence @f was taken into
account. This points to the conclusion that chamyése variance of Gc are influenced by a
source other than onty(to be explained below). Crucially, the two purerkeas of fluid (Gf)
and crystallized (Gc) abilities exhibited complernaen patterns. This was especially visible

in the three-stratum model, because the specifiamee of Gc increased significantly,
whereas the specific variance of Gf decreasedrtwa®d hence became indistinguishable

from g at age 52.

2.5.3 Differential Stabilities

Our results showed that persons’ rank orderingsactilme concerning (a) their broad
abilities in the extended Gf-Gc model and (b) tispecific abilities and in Carroll’s three-
stratum model remained largely stable. This suggésit, across a time span of 40 years,
individuals may keep their relative standing wigierence to the population in all broad
abilities, all specific abilities, angl Thus, in contrast to the study by Larsen et(28108), the
differential stabilities of specific abilities remad high even though the influencegiiad
been accounted for. In addition, no differencedifferential stabilities were indicated for
fluid and crystallized abilities or fay. Thus, in line with other studies (Conley, 1984aby
et al., 2000, 2004), our results suggest that #neus aspects of intelligence and general
intelligence comprise a highly differentially staldonstruct across age. Importantly, the
results obtained for the three-stratum model ateavsthat when individual differencesgn
are held constant, specific strengths and weaka@sdke cognitive profile (as reflected by
the specific abilities) are highly stable. Thuggé results point to the conclusion that it is not
only the level of an ability profile (as indicatbg g) that remains stable across time, but also

the pattern of the cognitive profile with regardatoindividual’s configuration of specific
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abilities.

2.5.4 Combined Effect of Age Differentiation-Dediférentiation and Differential
Stabilities

In the extended Cattell-Horn Gf-Gc model, we saat the variances of broad abilities
(except Gf) increased, which suggests that peaffer dhore with respect to their broad
abilities at age 52 than at age 12. At the same, tath differential stabilities of broad abilities
remained high, which shows that individuals keegprtrelative standing in the population.
Hence, initial differences between people on G¢,d8d Gv appear to become increasingly
larger as life unfolds, and the gap between theemas of the ability distribution widens
across the lifespan. This effect (in combinatiothvtihe observed increases in latent means
and means of the manifest subtest scores showahie ) can be described in the words of
Ceci and Paperierno (2005, p. 149) as, “the ‘hass*main but the ‘haves’ gain even more”.
This effect is also known as the Matthew effectwmulated advantages (DiPrete & Eirich,
2006). In the three-stratum model, we saw thath@)main reason why people differ more
greatly at age 52 is captured by an incregseariance, though (b) the differential stability of
g also remains extremely high. Thus, initial difieces ing become amplified and
increasingly important as life unfolds. Moreovéristgap-widening effect @f seems to
account for large parts of the age dedifferentragtiect, which we observed as increases in

the covariances of the broad abilities in the edéehGf-Gc model.

2.5.5 Explanations of Age Dedifferentiation in the&Current Study

How can we explain the current finding of age dedéntiation from age 12 to age
527 Several processes may have acted in combirtatfmoduce these results. First, the
results of the current study are in line with preigions made by lifespan cognitive
psychology by Li and Baltes (2006) that the inciregly heterogeneous environment across

the lifespan leads to greater increases in thaweei of crystallized than of fluid abilities,

69



Chapter 2 — Stability and Change in Intelligence fom Age 12 to Age 52

because crystallized abilities are more sensitvé environment. In the extended Gf-Gc
model, the variance of Gc increased substantivehgreas the variances of Gv and Gf
showed smaller gains. Intuitively, Gs might be etpd to be an exception to the proposed
pattern, since processing speed is generally ceresido be a biologically determined and
fluid ability. However, as processing speed mainiyolves the ability to concentrate and to
focus, it is presumably also affected by environtakopportunities to train these abilities,
which can explain the large increase in variance.

Second, according to Ceci and Papierno (2005)wgagning occurs because (a) more
gifted people may profit more from environmentapogunities by learning faster (see also
Kan et al., 2011), and (b) more gifted people nake tbetter advantage of environmental
opportunities (e.g. by seeking environments thatcagnitively more challenging and thus
more profitable for their cognitive developmenthi§ may result in an interaction of the
environment with the initial ability level becauseople actively select or are placed into
environments that match their abilities (for simgxplanations, see also Dickens & Flynn,
2001; Scarr & McCartney, 1983; van der Maas e2806).

Third, it seems that the observed process of adéfele@ntiation is not explained well
by the common cause hypothesis (Baltes & LinderdyedP97). According to the common
cause hypothesis, decreases in fluid abilities lin@ acquisition of crystallized abilities, and
as a result, the two kinds of abilities become nsom@lar. This explanation does not fit well
with the current results for a number of reasoasLngitudinal studies do not show declines
in cognitive abilities until age 50 (Tucker-DrobSalthouse, 2011). Likewise, we did not
observe a decrease in mean levels of fluid atsliiem age 12 to age 52 in the current study.
On the contrary, the latent means of Gf and Gstpioia substantial increase from age 12 to
age 52. (b) The age dedifferentiation in the curstmdy is caused by initial differences
between people that become more pronounced. Theisutrent effect originates because the

“have-nots” gain but the “haves” gain even moral amgap widens between the two ends of
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the distribution. In other words, the effect seeémbe caused by unequal gains in cognitive
functions between people and not by losses in tiwgrfunctions. Taken together, our results
suggest that the common cause hypothesis mighooe appropriate for explaining ability
dedifferentiation in older age groups.

Fourth, the current pattern of results may be pastplained by several propositions
of the investment theory. Specifically, investmérgory proposes that fluid abilities are
invested into the acquisition of crystallized almb by taking advantage of environmental
learning opportunities. Kvist and Gustafsson (2d@8)e further argued that if this
proposition holds true, Gf argishould be the same entity because Gf is postulated
involved in all kinds of learning (see also Karakf 2011). This is exactly what we found in
the current study: Gf arglbecame indistinguishable at age 52. Further, doogto
investment theory, age differentiation occurs beeate environment becomes increasingly
heterogeneous as life unfolds, which affects chys¢a abilities to a greater extent than fluid
abilities. The described mechanisms are used tlaiexgifferentiation of crystallized and
fluid abilities. Our results partly supported tpigdiction, as we found a significant change in
Gespeciic (Which is indicative of age differentiation) thaty resemble the strong influence of
environmental learning opportunities on crystatizbilities. However, the substantial
increase in the variance of Gc (in the extende@&Godel) was also to a large degree
accounted for by variance increaseg (imn the three-stratum model), which implies
dedifferentiation of broad abilities with age arat differentiation as proposed by the

investment theory.

2.6 Strengths and Limitations of the Current Study

In the current study, we examined cognitive devalept across 40 years of
participants’ lifespans in a longitudinal samplatttvas highly homogeneous with respect to

age. For this reason, we did not have to arbiyraivide our sample into two age groups to
71



Chapter 2 — Stability and Change in Intelligence fom Age 12 to Age 52

study the age differentiation-dedifferentiation bilgesis, as has been done in most previous
research. Moreover, the longitudinal data base niguessible to analyze both the age
differentiation-dedifferentiation hypothesis as had differential stabilities in the same study.
Further, our research design also allowed us gx¥ely address one major validity threat
that longitudinal designs usually suffer from: Tthee span of 40 years in between the two
measurement occasions rendered retest effectstalmuosssible (Tucker-Drob & Salthouse,
2011).

Despite these strengths, our study was subje@veral limitations which should be
born in mind when interpreting the present findiagsl addressed in future research. First, we
could not directly tackle one key problem of longiinally designs- selective attrition
(Tucker-Drob & Salthouse, 2011). Notably, the prédengitudinal sample reflected
important characteristics of the representative lsasnple of 12 year old students fairly well,
as it was only slightly positively selected in tarof several childhood characteristics
including cognitive abilities, parental socioeconostatus, grade point average, gender, and
migration background (see Tables 3 and also FigumeAnnex D. Nevertheless, we cannot
rule out that the statistical estimates of indil$t cognitive development are distorted
because of the selective attrition of study pgrtiats. For example, aging related deficits may
be underestimated (Tucker-Drob & Salthouse, 20&thabse participants with lower
cognitive abilities were more likely to drop-outtbe current study. This is a typical problem
of most longitudinal studies (Tucker-Drob & Saltkeu2011) and can be a result of several
reasons, like (a) an association of lower cognisibéities and death or illness (Deary, 2009),
or (b) disinterest of lower functioning participaras they might have less confidence in their
cognitive abilities or in the test.

Second, data were available only for two pointmeasurement. With only two points
of measurement, it is impossible to provide a ca@hensive picture of the course of cognitive

development (e.g., growth-curve modeling of indiats’ cognitive development). Thus, we
72



Chapter 2 — Stability and Change in Intelligence fom Age 12 to Age 52

do not know whether the mean performance of ouviddals was already declining after it
peaked in late adolescence, as often found in-@@s$onal studies, or was not yet in decline,
as often estimated by longitudinal studies (TudBesb & Salthouse, 2011). Moreover, we
cannot rule out the possibility that the age dedéhtiation effect in the current study was a
result of initial differentiation until late adolemsnce followed by dedifferentiation as proposed
by the theory. According to the findings by Tuck#eb (2009), even the reverse pattern
would be possible. Thus, having more measuremeatsoans at important developmental
stages such as in early childhood or late adolescewuld have been very valuable to better
portray individuals’ cognitive development.

Third, Type 1 invariance of measurement propertieeeded in order to make
meaningful comparisons of latent ability construatsoss time. In the present paper, we
based our conclusions on a measurement modell{L&) where subtests demonstrated
complete metric invariance of factor loadings, arhvariance of the intercepts, and partial
invariance of the residual terms. Particularly, th®dual variances of two out of eight
subtests were higher at age 52 than at age 12nTdygeflect an increase of variance
attributable to (a) random measurement error ar{jasubtest-specific abilities. The latter
would indicate another potential source of différa@ion of abilities. The available data,
however, are insufficient to examine this posdiilas a separate analysis of subtest-specific
abilities would require two parallel subtests attepoint of measurement, which are not
available in the present data set. Clearly, givemlevel of measurement invariance, changes
in mean levels and variances of subtests acrogsread to be interpreted with great caution,
as these changes may reflect changes in targéy aoihstructs (specified as factors in the
extended Gf-Gc model or the three-stratum modsljyell as changes in subtest-specific
abilities or random measurement error. Moreovdras been debated whether partial
invariance of residual terms may complicate therprietation of factor variances and

covariances (DeShon, 2004) or not (T. D. Little9ZpP Here we take the stance that it is
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reasonable to compare factor variances and cowasamvhich were central to our research
goals) across time even when only metric invariasfdactor loadings holds (see for example
Widaman & Reise, 1997). Note that estimates obfacariances and covariances may be
severely biased when residual terms are specii®@ invariant though they are in fact not
(as found in the present study). To obtain preestenates of cognitive development given
our data, we therefore followed Little’s (T. D. ilé, 1997, p. 55, Footnote 1) advice and
based our conclusion on a measurement model witlapavariance of residual terms rather
than forcing the residual variances to be invariant

Fourth, we had only two observed indicators as nmeasof each broad ability factor,
which constitutes the lower limit for assessingtatfactors in structural equation models. To
be able to measure cognitive change, we had tthessame subtests that were given in 1968.
Notably, these subtests represent widely-usedanalis of the broad abilities under
investigation. However, when ability factors areasigred using only two subtests, the factors
may not represent the full conceptual scope ofthkties in question (e.g., the measurement
of Gc would have profited from including a currigai-based test of students’ knowledge).
Further, subtest scores were not perfectly reliédde Table 13 in Annex C), which in turn
affects the precision (in terms of standard errofsfatistical parameters reflecting age
differentiation-dedifferentiation or differentiaiadilities. In sum, it is an open question
whether the present results on cognitive developmuentied to the specific subtests applied
or whether the present results may also reflechitiog change when ability factors are
measured using a broader set of subtests. Futsganah will therefore benefit from
administering a broader set of subtests to overdbméimitation and to yield more precise

estimates of cognitive development.

2.7 Conclusion

The present study examined age differentiationftlrdntiation and differential stabilities
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of cognitive abilities in the theoretical framewak(a) the extended Gf-Gc model for
studying broad abilities and (b) the three-stratnadel for decomposing cognitive change
into those processes that are attributable totainespecific ability (which is independent of
g) and those that are shared by all broad abilftidsch are thus attributable t). The

present results suggest that people differ moratiyrevith respect to broad abilities (except
for Gf) as life unfolds and that the rank orderofgersons on all broad abilities remains
remarkably stable across time. The combined restiltsese developmental processes points
to considerable gap-widening effects from age 12g® 52 that can be mainly accounted for
by a substantial increasegrvariance in combination with the high differentgbility ofg.

The described gap-widening also led to substaagjaldedifferentiation effects. The pattern
of results in the current study seems to be wighald with the predictions of the investment
theory and lifespan cognitive psychology, thatdland crystallized abilities are differentially
affected by learning environments and that fluiditgéds are invested into the acquisition of
crystallized abilities. However, the propositiontleé investment theory that these processes
lead to age differentiation could only partially fngoported, as we found that these processes

mainly lead to age dedifferentiation.
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Chapter 3 - Study 2: Long-term Consequences of the Quantity and

Quality of Formal Education for the Development of Intelligence

3.1 Theoretical Background

In our increasingly complex environment, cognital@lities have become one of the most
important determinants for facing the challengeswaryday life in our modern society (L. S.
Gottfredson, 1997b, 2002; Lubinski, 2004). Trajeet® of cognitive change may be more or
less successful as people grow older (Tucker-Dr&@a&house, 2011) and differences in
these trajectories become especially importantaglp reach old age. In this phase of life,
successful cognitive aging is critical for mastgreveryday activities and living
independently, as well as for general health (Tuék®b, 2011). However, the later stages in
life cannot be adequately addressed without uraleigig what happens eatrlier in life. It has
been shown that early interventions are the mdsttdfe (Heckman, 2006, 2008). Thus, in
order to develop interventions that promote sudaéssgnitive aging, it is imperative to gain
empirical knowledge about determinants that aftegnitive development from childhood
into adulthood and old age. For instance, manyréigal frameworks propose learning
opportunities provided by formal education in sditode such a critical determinant (Adey,
Csapo, Demetriou, Hautaméki, & Shayer, 2007; daft®B7; Ceci, 1991; Neisser et al.,
1996; Snow, 1996). However, the dynamics betwegnitge abilities and educational
attainment are complex and the long-term impaedofcational attainment on the
development of adult cognitive abilities, above &@egiond the impact of childhood cognitive
abilities, has seldom been researched (Ferrer &dleA2004; Gustafsson & Undheim,
1992). Therefore, the present study aims to ingatgithe long-term consequences of

different educational pathways on the developménbgnitive abilities by simultaneously
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taking into account aspects of quantity and qualitiormal education in school (i.e.

schooling).

3.1.1 Cognitive Abilities, Plasticity, and Formal Elucation

Intelligence can be conceptually defined as'#imlity to understand complex ideas,
to adapt effectively to the environment, to leaamf experience, to engage in various forms
of reasoning, to overcome obstacles by taking thtu@Neisser et al., 1996, p. 77). In the
study of intelligence, most current psychologiesearch is based on the psychometric
approach (Neisser et al., 1996). This approackstaat intelligence can be measured well by
tests and individual differences observed on thests can be represented well by so-called
structural models (Gottfredson & Saklofske, 2008)evelopmental research, two-
component theories such as the extended Gf-Geyttiéok. Horn & Noll, 1997) have
prevailed (see Lindenberger, 2001, on two-compotiedries). The Gf-Gc theory
distinguishes two poles of broad cognitive abiditierystallized intelligence (Gc) and fluid
intelligence (Gf; Cattell, 1987; Nisbett et al. 12). Gc can be defined &be individual's
store of knowledge about the nature of the world l@arned operations such as arithmetic
ones which can be drawn on in solving problertisisbett et al., 2012, p. 131). Moreover, Gc
comprises several aspects represented by typdiahitors for Gc, which include knowledge
of the world, word knowledge or lexical knowledgeading comprehension, and general
(verbal) information, among others (Adey et al.020McGrew, 2009; Nisbett et al., 2012)
However, it should be noted that there has beerestghate on the interpretation of B@an
et al., 2011; Schipolowski et al., 201%Yhile researchers agree that Gc represents the
influence of acculturation and learning opportwestitheories differ with respect to the role of
verbal ability. While Cattel(1971, 1987defined Gc as knowledge in all kinds of content
domains, Carrol{1993)emphasized language as defining Gc. Schipolowskicalleagues
(2014)showed that both factual knowledge and verbaltglgflect empirically distinct
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constructs and facets of Gc. It is therefore realtento distinguish verbal ability from factual
knowledge, as we will do in the current study.

Gf on the other hand fshe ability to solve novel problems that depentatigely little
on stored knowledge as well as the ability to |1&afiNisbett et al., 2012, p. 132). Gf
comprises mental operations suctidgrawing inferences, concept formation, classifioat,
generating and testing hypothesis, identifyingtieles, comprehending implications, problem
solving, extrapolating, and transforming informatid (McGrew, 2009, p. 5). Typical
indicators of Gf include inductive and deductivagsening (McGrew, 2009). Importantly, the
distinction between these two cognitive abilitieslso strongly supported by research on the
development of intelligence showing differentiajéctories of the two abilities over the
lifespan (Lindenberger, 2001; Li et al., 2004; Mdkret al., 2002), as well as high
differential stability of both abilities over seadecades of an individual’s lifetime (Schalke
et al., 2012). Thus, the differentiation of Gc¢ &ids of some importance as they are affected
by different influences and have been shown to lopwdifferently over the lifespan.

Lifespan cognitive psychology (Baltes et al., 1999% Baltes, 2006) provides the
following explanation as to why Gc and Gf varylieir developmental trajectories over the
lifespan. The theory proposes that developmentégigrocal process between the individual
and its developmental context. Further, the th@astulates three kinds of influences on
cognitive development: (a) species typical neurolgical and cultural evolutionary
processes, (b) socialization-typical environmeimtiliences (e.g. formal education), and (c)
idiosyncratic non-normative person-specific experes as a result of self-selection into
different (professional) environments (for a moetailed discussion see Li & Baltes, 2006).
In very young age, development is much more nokadhan later in life. Very young
children mainly depend on their neurobiologicalgasses, but at the time they enter school,

the shared environment largely affects these psase$-ormal education in schools is
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probably the most important socialization-typicatieonmental influence on cognitive
development in Luxembourg and affects all schodtoen in a comparable way. However,
as people age, all kinds of environmental influsnespecially non-normative person-specific
experiences, accumulate (Li et al., 2004; Li & BgJt2006). Importantly, after individuals
leave formal education, these person-specific gasibnal) influences will become very
important to the development of cognitive abiliti€aus, after formal education ends, a
process of individualization starts and people bezmcreasingly heterogeneous with respect
to their cognitive abilities. However, the sensitivfor biological and cultural influences
varies greatly over the lifespan. Culture compris®geral environmental influences in the
lifespan developmental framework such as medicmeealucation. While the need for culture
increases with aging, the efficacy of culture amaddgical plasticity decrease with aging.
Thus, formal education may play a crucial roletadfects individuals, when their biological
plasticity is still high and when they are stillryesensitive to cultural influences. Later
cultural experiences may also be less efficienaddition, it is often argued that Gf and Gc
may be differently affected by the environment agdiological influences. While Gf is

more strongly based on neurobiological processd$mmtogical aging effects, Gc is to a
larger extend influenced by the environment, intigdormal education (Baltes et al., 1999;
Cattell, 1987; Li et al., 2004; Li & Baltes, 2008hus, Gf is supposed to be less culture
sensitive than Gc and therefore also less affdnyezhvironmental influences such as formal
education and later individualization processeswveéier, the relative plasticity of Gf and Gc
has not yet been sufficiently studied. We therefooeis on indicators of both Gf and Gc in

the current study and investigate the influencohal education on Gc and Gf separately.

3.1.2 The Reciprocal Relationship between Cognitiv&bilities and Formal Education
In many theoretical frameworks, formal educatioséhool is a critical determinant of
cognitive development from childhood into adulth@odl old age (Baltes et al., 1999; Cattell,
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1987; Ceci, 1991, Li et al., 2004; Li & Baltes, B)Meisser et al., 1996; Snow, 1996).
However, the relationship between cognitive aleditand formal education is complex and
has also been proposed to be reciprocal (Brody7;119%: Baltes, 2006; Neisser et al., 1996;
Nisbett et al., 2012). This means that cognitivéditads affect and predict formal education,
but formal education also affects cognitive al@bti Figure 4 shows a schematic
representation of the various possible relatiorshgtween cognitive abilities and formal
education for the statistical analyses in the curséudy. Three cognitive abilities are included
in the current study and will be analyzed sepayafdiese are Gf and two aspects of Gc,
namely word knowledge (WK), a verbal ability measwand knowledge of the world (KW), a
factual knowledge measure (see also Schipolowski,e2014).

Four different types of relationships can be dgtished in the schematic model. The
main focus of the current study is how formal edieceor schooling affects the development
of cognitive abilities. Crucially, two paths of inénce of education on cognitive abilities
must be distinguished: (a) quantity (see PathsHgare 4) and (b) quality of formal
education in school (i.e. the distinction betwdssnon-academic and academic track in
Figure 4, Carroll, 1989; Haertel, Walberg, & We#is{ 1983). Quantity of formal education
is represented in the current study and in Figuvg ylears of formal education (YOFE). The
length of schooling is important, as more time $peformal education offers students more
opportunities to enhance their knowledge and skillais, quantity of schooling has an
important impact on all cognitive abilities (Catrdl989). Quality of schooling or formal
education is also crucial for acquiring a deeper more sophisticated knowledge base, as
well as other cognitive skills (Glaser, 1982). Quyadf instruction involves several aspects,
one of which is the tailoring of instruction to $tudent characteristics such as prior
knowledge or ability level (Becker, Ludtke, TrautmeKoller, & Baumert, 2012; Haertel et

al., 1983). This also means that the same subjattentan be taught at different levels of
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complexity. Hence, the level of complexity taughiy( richness and complexity of a
curriculum) is another crucial aspect of instruct{Becker et al., 2012) and one of the
underlying rationales of school tracking. Thustha current study, we use the distinction
between the non-academic and academic track aslemator of quality of instruction.

Second, we can distinguish the influence of cogaiéibilities on formal education.
Historically, intelligence and education are clgsgdnnected: When Simon and Binet (1905,
1916) devised their first intelligence test, thiasmith the intention of measuring children’s
potential to succeed in school (Brody, 2000). IQdédave since shown good predictive value
for academic success, as noted by Jensen (19287p:If there is any unquestioned fact in
applied psychometrics, it is that 1Q tests havegh liegree of predictive validity for many
educational criteria, such as [...] school and egle grades, [...] number of years of
schooling, probability of entering college, andeafentering, probability of receiving a
bachelor’s degree”This predictive value of intelligence for educathl attainment is
depicted by Paths 1 and 2 in Figure 4.

Third, certain cross-lagged effects of differengmitive abilities on each other could
be expected across time, for example;&n WK s, (i.e. Paths 3 and 5 in Figure 4,
depending on the dependent variable at age 52¢ffént of Gf 1, on WK 5, or KW 5, is
proposed by Cattell's (1987) investment theory. Teory postulates that fluid abilities are
invested into the acquisition of crystallized al@k when individuals take advantage of
environmental learning opportunities such as foregkication. This would be shown in (a) an
indirect effect of Gf;, on WK sdKW 1, over years of formal education (YoFE) and (b)
possibly also by a direct effect of Gfon WK s/KW 3, for the learning opportunities that
have not been assessed in the current study. Qrotiigary, investment theory does not
expect an effect of Gc on Gf over time. Howeveiderce exists that prior knowledge

facilitates information processing and further asiion of new knowledge in various stages
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of knowledge acquisition (Renkl, 1996). More spieeity, prior knowledge helps (a) to focus
attention on the really important aspects for s@va problem, (b) to encode information by
relating new information to existing knowledge, {@)Yorm larger, meaningful composites of
new pieces of information (i.e. chunks), (d) tdaéintly store new information in long term
memory by linking it to previous knowledge, and ongantly (e) to free working memory
capacity resources that can be used for furthamitteg processing. Thus, prior knowledge
may not only facilitate the acquisition of new krledge, but also improve processing speed
and fluid reasoning by freeing cognitive resouréagvious research has shown that expertise
may also (partially) compensate for age-relateddssn fluid abilities (Baltes et al., 1999).
However, there is only limited evidence that crijgted abilities may affect fluid abilities
(Baltes et al., 1999). In addition, the describadtronships are probably only applicable to
problems of a certain complexity and in order foopknowledge to facilitate tasks that
measure Gf, the knowledge must be relevant toasle Thus, it is feasible to assume effects
of Gc on Gf, but only for certain constellations.the current study, the measure of Gc in
childhood is most probably not task-relevant fa theasure of Gf in adulthood and therefore
no influence of Gc on Gf across time is expectetthéncurrent study.

Fourth, as shown by ample research findings, bdtn@ Gc are highly stable
differential personal characteristics across tihmgen et al., 2008; Pushkar Gold et al., 1995;
for an overview of other studies see Schalke gR@ll2). Thus, cognitive abilities also have
strong autoregressive effects over time for thestrowts assessed both at age 12 and age 52
(i.e. Paths 3 and 5, respectively for Gf and WKlegendent variables at age 52, in Figure 4).
It is therefore crucial to control for the impadtpvior cognitive abilities in any study of
interventions that foster cognitive abilities otiene. If these controls are neglected, it is
likely that the effect of the intervention (i.ermoal education in the current study) will be

overestimated.
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In summary, lifespan developmental psychology psega reciprocal relationship
between cognitive abilities and formal education&lBaltes, 2006). Thus, cognitive abilities
do not only influence the length and quality offiad education, importantly, length and
quality of formal education also affect cognitivalaies (Adey et al., 2007; Becker et al.,
2012; Brody, 1997; Ceci, 1991; Neisser et al., 1986bett et al., 2012). The former
relationship has been well studied and documersteel for example Jensen, 1998). Thus, in
the following section, we will cite studies thatts only on the later relationship: the impact

of formal education on cognitive abilities.
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Non-Academic Track Academic Track
compare

Figure 4

Schematic representation of the multiple groupgiteand the various possible relationships betwegnitive abilities and formal education for
the three cognitive abilities included in the cuatrstudy: (a) Fluid reasoning, (b) word knowledaed (c) knowledge of the world. Gf = fluid
reasoning, WK = word knowledge, KW = knowledgelud world, YOFE = years of formal education. Theefffof school track (i.e. quality) is
represented by the multiple group design, mearagthese models are estimated simultaneouslyofbrthe non-academic and academic
tracked students. Squares represent manifestcasss circles represent latent variables; onedtkadymmetrical arrows represent directional
regression coefficients, whereas two-headed syniwakarrows represent variances or covariancege@bed uniqueness terms of the manifest

indicators WK_1, WK_2, Gf_1, and Gf_2 (see texg aot shown to ensure clarity of presentation.
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3.1.3 Evidence from Studies that Focused on Lengtf Education

Ceci (1991; Ceci & Williams, 1997) has gatheredrgé body of empirical evidence
from natural experiments (e.g. summer vacatiomotsfof intermittent school attendance,
delayed onset of schooling, or early terminatiosafooling) that all support the proposition
that longer schooling enhances cognitive abilithedlifficult problem in the study of
cognitive development and length of schooling &sd¢bnfounding effect of chronological age
on cognitive development (Ackerman & Lohman, 20@3)ildren who have received one
more year of formal education are usually alsoye®e older. Thus, in the studies reported by
Ceci (1991; Ceci & Williams, 1997), it remains agumus, whether the effect depends on the
year of extra education or maturation processestiral cognitive development. However,
some studies have separated the effect of schoatingtelligence from effects of
chronological age and maturation by taking advantsghe fact that children in a given
school grade vary in chronological age by aboutys®as depending on the cut-off birthdate
for school entrance (see Cahan & Cohen, 1989;ISkéé&rz, Ehlers, & Remer, 1995 for a
more detailed description of the procedures). CamahCohen (1989) report effect sizes for
one year of schooling independent of age on cogndevelopment that range betwekn
=.11 andd = .50, depending on the cognitive subtest undetysimportantly, in their study,
the effects of schooling were higher than thosagef for all verbal (6) and numerical (1)
subtests. For the 5 figural tests reported in thteidy, the effect was higher for schooling than
aging for 2 subtests (including the matrices suptksver for schooling than for aging for 2
subtests and equal for 1 subtest. Stelzl and gulEa(1995) undertook a study of 10-year-old
children with a similar design and found that effféizes of one year of primary school
attendance on cognitive abilities ranged between24 andl = .80, depending on the
cognitive subtest. After attenuation for measuremaeror, the effects on fluid intelligence did
not differ significantly from the effects on cryBitzed intelligence.
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3.1.4 Evidence from Studies that Focused on Qualityf Education

Whereas Ceci (1991) reports little support foreffect of quality of schooling on
cognitive development, Nisbett and colleagues (2@h2 an overview on different studies
showing that cognitive performance is impacted agous aspects of quality of education
such as teachers’ experience, quality of teaclaiagyell as specifically designed
interventions.

Other studies have used school tracking (i.e. eixglbility grouping) to study the
impact of quality of schooling, as representedheylevel of complexity taught (e.g. richness
and complexity of a curriculum), on cognitive atids. In a recent longitudinal study, Becker
and colleagues (2012) took advantage of the traGexchan school system in order to
investigate the impact of quality of education tuidf intelligence. In Germany, children are
placed into different school tracks (i.e. schogkls) after primary school. These school
tracks differ in the richness and level of educadiccurriculum and can thus be taken as a
good indicator of quality of schooling. The longltnal study spanned a 4-year time interval
from the beginning of grade 7 to the end of gradleThe sample contained 1,038 participants
and the study controlled for several covariates firior Gf and Gc, school grades, sex,
parental socio-economic status). The authors fobadstudents in the academic track gained
about 25% more on fluid intelligence over the 4rt@ae span than did students in the non-
academic track. Similar results were found by Hérsi(1968), by Shavit and Featherman
(1988), as well as by Husén and Tuijnman (1991) also report higher cognitive gains for
the higher educational tracks in their study, ewéen prior cognitive ability was controlled
for.

A study with a related design was undertaken indaneby Clifford und Gustafsson
(2008). However, contrary to the study by Becket emlleagues (2012), the tracks in this

study differed only in terms of specialization arat so much in terms of ability level.
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Clifford und Gustafsson (2008) simultaneously resead the effects of age and length of
schooling. The participants of the study were ated into 7 different tracks, 2 tracks were
vocational and 5 were academic with a differeritfad specialization. They had about
48,000 male participants that performed a miliemjistment test on Gf, Gc, and General
Visualization. The authors found effects for agd Emgth of schooling, but the effects of age
were generally lower than those of schooling. Noegal effect of track was reported.
However, differential effects were found for thedemic specialization of the track. For
instance, scores on the indicator of Gc were inibeel by length of schooling to a larger
degree for students in the Social Science traak fiblastudents in the other tracks. However,
this study did not control for prior cognitive abés. This means that the effects of schooling
for students in the different tracks cannot cle@#yattributed to the academic specialization
of the track, since students’ allocation to a tracklld have been influenced by their prior
cognitive abilities.

In summary, there is vast and consistent bodyrgfiecal evidence showing that both
guantity and quality of schooling impact the deypah@nt of cognitive abilities. However, the
effects of quantity and quality are empiricallyfdidilt to distinguish, as in most educational
systems longer educational pathways are commosbcaded with increased quality or
higher level of education (e.g. attending a unitgsss. immediately starting a profession).
To our knowledge, only few researchers have exadrime effects of both quantity and
quality of formal education in a single study. Imgamtly, the few studies that exist show that
effects of schooling are found for both Gc and @& also persist even when prior cognitive
ability level is controlled for. However, to our éwledge no study has examined the long-

term effects of formal education over several desatdter the participants have left school.
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3.2 The Present Study

The current study examines the complex dynamidsrafal education and
intelligence over a lifespan of 40 years. Crucialiynvestigates the long-term consequences
of formal education on both fluid and crystallizempnitive ability up to 30 years after
participants left formal education. In additione thnalyses control for initial cognitive ability
in childhood. Another vital feature of the presstutdy is the examination of two distinct
aspects of crystallized ability in middle adultho¢a) word knowledge (WK), a more verbal
measure, and (b) knowledge of the world (KW), adacknowledge measure (Schipolowski
et al., 2014). Four different types of relationshigetween formal education and cognitive
abilities are tested in the current study, as degit Figure 4.

Moreover, we simultaneously test for effects odfity (i.e. length) and quality of
formal education by taking advantage of the tracdatol system in Luxembourg. After
primary school, Luxembourgian students are planddrimally different types of secondary
schools. These tracks either prepare for an appeship (i.e. non-academic track) or for
university (i.e. academic track, OECD, 1999). Tlwe tracks differ in terms of level or
quality of schooling (i.e. their curriculum), busa in length or quantity of schooling, as the
average length in the non-academic track is shtréar in the academic track. Placement into
one of these tracks is mainly based on studenglernic achievement in primary school.
Thus, students in the current study most probaifigrdd with respect to their initial ability
before they were placed into one of the two trabkshe present study, we examine the
relationships depicted in Figure 4 for both thedasraic and non-academic track by
simultaneously estimating the represented moddddtn groups.

More specifically, we hypothesize the following the four different types of
relationships as depicted in Figure 4. In line Vifidsspan developmental psychology, we

expect that schooling and cognitive abilities remgally relate to each other (Li & Baltes,
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2006). Schools are a socialization-typical envirental influence where all children from a
certain society may train their cognitive abilitidhe more challenging this context and the
longer a child profits from it, the better the indhce should be on the child’s cognitive
abilities. Thus, first, we hypothesize that quantit formal education measured in years of
formal education (see Path 4 in Figure 4) posiyiwdfects Gf and Gc in middle adulthood.
Moreover, quality of formal education as measungddhool track also has a positive effect
on both Gf and Gc. As crystallized abilities arpposed to be more sensitive to
environmental influences such as formal educattas feasible to expect a larger effect of
formal education on Gc than on Gf. In addition, tluéhe design of the present study, we are
able to explore any interactions between quantityguality of schooling (i.e., whether the
strength of the relationship between years of ditutand cognitive outcomes depends on
type of school track).

Second, since the conception of intelligence tgstognitive abilities have shown
high predictive power for educational outcomes ¢éen 1998). Thus, we expect that both Gf
and Gc in childhood influence length of educatioe. Paths 1 and 2 in Figure 4). Third, as
proposed by Cattell's investment theory (Catte987) fluid abilities are invested into the
acquisition of crystallized abilities over the Bfgan. Thus, we expect an indirect effect of Gf
on WK and KW over years of formal education. Initidd, to map learning opportunities
other than formal education in the present studyhwypothesize that Gf may have a direct
influence on the development of both aspects ofi@cWK and KW) over time (Path 3,
respective for the dependent variable). Howeverdavaot expect to find an effect of Gc on
Gf in the current study. Although previous resedrab shown that crystallized abilities such
as previous knowledge may affect fluid abilitie®(RI, 1996), this only applies to complex
problems and Gc measures relevant to the task.ift@d is not the case in the current study

and thus, no effects of WK on Gf over time are exg@. Fourth, both Gf and WK will have
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high autoregressive effects over time (see Patrl® respectively, for the same construct
over time) because of their high differential slitibs (Schalke et al., 2012), meaning that the
rank order in the population does not change mutthage and Gf and Gc are stable personal
traits. Thus, the more intelligent children areodlse more intelligent adults. This also means
that a large share of the variance in the dependgerable will be explained by the

differential stabilities. We cannot estimate diffietial stabilities for KW, as this cognitive
ability was only measured in adulthood in the coirstudy. However, as both WK and KW
assess crystallized abilities, we assume that WKhave high predictive power for KW

(Path 5, depending on dependent variable).

In summary, the present longitudinal study contelsuo the empirical body of
research on the impact of formal education on dogndevelopment in several ways: (a) It
spans 40 years from late childhood to middle adwith which makes it possible to study the
long-term impact of formal education on cognitivaliies. (b) In contrast to most previous
results, we separate different aspects of cryséallability and simultaneously control for
prior cognitive ability. (c) Most previous reseatuds either looked at the impact of quantity
or quality of education. In the current study, waldtaneously examine both quantity of
formal education measured in years of formal edowand quality of education in terms of
school tracking. (d) The design of the current gtondikes it possible to largely control for

aging effects because of the homogeneous compositithe sample with respect to age.

3.3 Methods

3.3.1 Participants and Procedure:
The current longitudinal study (MAGRIP) encompadseéspoints of measurement -
1968 and 2008, covering a time span of 40 years9@8, a multistage sampling procedure

was applied to all elementary schools in Luxembokngt, half of all school classes at grade
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6 were selected randomly and all students of thiesses participated. Second, a
representative age-based sample was drawn thatetthll students enrolled in the selected
schools in the school year 1963-1964. These wadests who attended classes spanning
from Grades 4 to 6 (students in lower grades hpdated one or more classes). To control for
differential effects of age on cognitive developmas well as quantity of schooling, we drew
from a sample that included only those students wéi@ in grade 6 and of approximately the
same age. This age and grade-based sample in@y@&d childref (51.0% female) who
were about 12 years oltf(= 11.7 yearsSD = 3.8 months) at the time of testing. All children
completed a comprehensive intelligence test, tlastungsprufsystem” (i.e. achievement test
battery, W. Horn, 1962, 1983), which was admineddpy trained university students in a
group setting.

In 2008, 315 (55.9% female) of these former students, now agednd 52 years,
were visited at home and interviewed on their etiacal history. In a second stage, the
participants retook the same intelligence testttmay had completed 40 years earlier. About
two thirds of these persons £ 212) took this test in a group setting; the rigring
participants were visited at home to take theitelvidually. All tests were administered by
trained assessors and the test-taking proceduictystollowed the standardization protocol
of the test manual. Information on sample seldgtiof the retested age-based and grade-
based samples is depicted in Figure 10 in Anneigure 10 also shows a detailed overview

of the data collection stages and attrition at edabe of data collection.

* Four students were excluded because of severévaridte outlying values in some of the intelligersubtests.
® For the 316 participants in the longitudinal saenglata was missing for one person on the schpelwgriable.
This person had to be excluded from the structuaels, leaving a longitudinal sample of 315 parints for

the current study.
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3.3.2 Measures

Longitudinal Measures of Gf and WK

At age 12 and 52, all participants took a standadlintelligence test battery, named
the “Leistungsprufsystem” (L-P-S; i.e. achievemiest battery W. Horn, 1962, 1983). Five of
the subtests in this test battery were taken tesasituid and crystallized ability. Each of these
subtests contained 40 items and had to be comphetieih strict time constraints that were
specified in the test manual. In this test battBuyd intelligence (Gf) was assessed by two
measures of fluid reasoning, (a) concept formatt®in 1) and (b) number and letter series
(Gf_2). In more detail, the participants had toiify, categorize, and determine rules from a
complete stimulus set of (a) patterns (Gf_1) andi(imbers and letters (Gf_2).
Crystallized intelligence (Gc) was assessed byethezbal measures of word knowledge
(WK). As two of the three tests contained the s&meé of items, we merged the scores on
these two subtests into a single composite scaeWiK _1). In the first word knowledge
measure, participants identified the spelling eimax given noun (WK _1), and in the second
measure they named a word that could be formedfautandom composition of letters
(WK_2).

In 1968, the children were randomly administered of two parallel test forms of the
“Leistungsprufsystem”. Because the means and vagaf subtests differed slightly across
test forms, we used a linear-conversion rule (KélaBrennan, 1995) to equate test scores.
To this end, we standardized the subscales sejyai@teach test form to an IQ metric with a
mean of 100 and &D of 15 for the base sample. In 2008, participargsevgiven the exact
same test form and items that they had completé@@8. To allow meaningful comparisons
across time, subtest scores obtained from the degane of measurement in 2008 were
equated using the same conversion rules appli@€68 (i.e. the standardization of measures
in 2008 is based on means &idsas obtained for the base sample in 1968).
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Adulthood Measure: Knowledge of the World

In 2008, in addition to the measures of fluid reasg and word knowledge described
above, a comprehensive declarative knowledge tastapplied to assess another aspect of
Gc. To this end, we used a shortened version dirtbevledge test, which serves as a measure
of Gc in the standardized intelligence test battemyed the “Intelligenz-Struktur-Test” (IST-
2000R; Liepmann, Beauducel, Brocke, & Amthauer,1300he questions in this test were
presented in a verbal (kv), a numerical (kn), afig@ral (kf) format. Each format was
assessed with one question on history and geograptgnd culture, economy, science,
mathematics, and general everyday knowledge. Kmasyledge of the world (KW) was
assessed with 18 items in total and can be bro&em dhto 6 items for each of the three

representation formats.

Formal Educational Attainment

Trained assessors interviewed the participants hwir teducational history and
recorded the information in the form of an eduaaiccurriculum vitae (CV), where start and
end year of each school visited was reported. Ftiois educational CV, we calculated
educational attainment in terms of type of schosited (i.e. school tracks as an indicator of
quality of schooling) and length of schooling. TBeshool types were coded according to the
International Standard Classification of Educat{t®CED; OECD, 1999; UNESCO, 2006)
and applied to the Luxembourgian context as prapbyehe OECD (OECD, 1999). We then
grouped the different types of schools into nordacaic and academic schools. Non-
academic schools were defined as those schoolprdaare students for an apprenticeship as
well as vocational training itself. In the samglas comprised the ISCED codes 2C, 2B, 3C,
3B, and 4B. Academic schools were defined as tposearing for college and university as
well as college or university attendance itselftHa sample, this comprised the ISCED codes
3A, 5B and 5A. Participants were allocated to @ithe non-academic group € 184) or the
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academic groupn(= 131), depending on which school type they haended for most of
their educational career. This procedure was chosemder to take into account that some
students changed from one track to another. Weddddhat the school type students had
attended for most of their educational career west Buited as an indicator of quality of
schooling.

Quantity of formal education was assessed by y&faigrmal education after primary
school. In addition, number of retained school yeamas assessed by self-report of the
participants and these repeated school years ve¢reonsidered in computing overall length
of education. The overall mean of length of schapivas 6 years and 9 montl®(= 3 years
and 5 months). Participants in the non-academukthead a mean length of schooling of 5
years and 1 montt5D = 2 years and 1 month) and participants in thelewéc track had a
mean of 9 years and 1 mon®I{= 3 years and 6 months). This shows that parintgoen the
non-academic track left formal education on avewr#gée age of 17 years, while participants

in the academic track left formal education on agerat the age of 21 years.

3.2.3 Statistical Analysis

Structural equation modeling was applied to tha daing Mplus version 6.0 (Mplus
6; Muthén & Muthén, 1998-2010). This allowed ustmtrol for measurement error of the
observed subtest scores. Some of the subtest skeresapproximately but not strictly
normally distributed. We therefore used maximunelitkood estimation with robust standard
errors (MLR) as implemented in Mplus.

Strategy of analyseS.he analyses took place in 2 steps. First, we astidithe model
depicted in Figure 4 for the entire sample. Thost@ry to Figure 4, we did not separate the
sample into school tracks. This allowed the ingzdion of the main effect for quantity of
education. In addition, the impact of quantity dieation was estimated with a bigger sample
size and the variable years of formal educatioo hé&s a larger range in the entire sample
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compared to the range for each sample in the nilgigoup models. We examined the 5
indicated effects in Figure 4 by fitting a sepanaiedel for each dependent variable at age 52
(i.e. Gky, WKs, KWsy). Moreover, as recommended in the literature dagltudinal studies
(Cole & Maxwell, 2003) , we introduced correlatedqueness terms for the repeated
measures in the models. Thus, we allowed residurénces of the same indicators to
correlate across time to account for unique asp#cscertain measure.

Second, for the simultaneous investigation of thpdct of quantity and quality of
formal education, we specified the models as mekyoup models with type of school track
as grouping variable. In doing so, we could stuytlie effect of quantity of education (in
terms of years of education) on cognitive outcofoegach track, (b) the main effect of
quality of education (in terms of type of schoalck), and (c) the interaction between quantity
and quality of education (i.e., whether the strerajtthe relation between years of education
and cognitive outcomes depends on type of schadk}r To this end, it was necessary to
ensure that the measurement models for the twggraere comparable for the constructs
under investigation, allowing differences betweastivo groups to be attributed to the
different tracks. Thus, we first tested for measert invariance between the two groups. We
applied a stepwise approach as recommended iiteretlire (Byrne & Stewart, 2006; T. D.
Little, 1997; Lubke et al., 2003; Meredith, 1998Je first tested foconfigural invariance
which requires that the pattern of zero and nonksadings of observed indicators on the
common factors remain the same between the gr@aa®ndmetric invariancevas
established, which requires invariant factor logdibetween groups (i.e., the magnitudes of
the unstandardized factor loadings have to be gaqndlallows for the application of
meaningful analyses of correlations and varianedwden the two groups (Lubke et al.,
2003). Third scalar invariancerequires group-invariant intercepts and is nedded

meaningful comparison of means between the gradpsuyng & Rensvold, 2002). Only after
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scalar invariance is achieved between the two groegn all differences between the two
groups (i.e. non-academic and academic track) teepireted substantially. Measurement
invariance for corresponding measures across smetirequired for cross-lagged models
and thus also not for the models we specified énctlirrent study. To summarize, first, we
estimated the model depicted in Figure 4 for thee@sample without splitting the sample by
academic track. Second, we established measurenvaniance between the non-academic
and academic group. Third, we simultaneously evatithe impact of length of formal
education for both types of school track. Fourth,tested for differences in the multi group
models between the non-academic and academic group.

Assessing model fiGoodness of model fit was assessed bytmodness-of-fit test
as well as by several descriptive measures dfidit are recommended in the literature:the
statistic in relation to degrees of freedom, thetRdean Square Error of Approximation
(RMSEA, Steiger, 1990), the Standardized Root Megmare Residual (SRMR, Bentler,
1995)SRMR Bentler, 1995), Akaike’s Information Criterion i@, Akaike, 1974), and the
Comparative Fit Index (CFI, Bentler, 1990). RMSE&#ues smaller than .05 show an
acceptable fit (Hu & Bentler, 1998). SRMR valuesa#ier than .05 indicate good fit, and
values smaller than .10 point to an adequate nfad&chermelleh-Engel, Moosbrugger, &
Mauller, 2003). The model with the smallest AIC \valis considered to be the best fitting
model (Schermelleh-Engel et al., 2003). CFI valyresiter than .95 suggest good model fit
(Hu & Bentler, 1998, Schermelleh-Engel et al., 2003e CFI shows the relative fit of a
given model compared to a null model. An appropriaill model must be nested within the
model of interest, and Widaman and Thompson (2888 argued that an appropriate null
model must be able to account for Ml restrictioftsus, the appropriate null model for the
current study is a model with zero covariation agtire observed variables, as well as group

invariant intercepts (i.e. Model OB in Widaman &crhpson, 2003).
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Assessing measurement invariance and differencetsveen groupsModel fit
differences are most commonly assessed usingf ttiéference test (Bollen, 1989). To
compute the? difference test as derived from the MLR estimatahe current study, we
calculated scaleg difference values using the procedure describ&htorra and Bentler
(1999). Moreover, Cheung and Rensvold (2002) haweahstrated that the change in
descriptive fit indices (i.e. the CFI) is an equabod or even better-suited model comparison
criterion compared to the classigaldifference test, because change in the CFI inffietted
by sample size. Further, Cheung and Rensvold (2082 shown that a change in the CFlI
smaller than -.01 indicates adequate fit of the @h@dth additional MI constraints. In some
cases, measurement invariance holds for some bé&mall indicators; this is called partial
measurement invariance (Byrne, Shavelson, & Muth889). Byrne et al. (1989, p. 458)
suggested that a sufficient degree of partial ilavere for meaningful comparisons of
different models is established, if multiple indima for a construct exist and at least one
measure is invariant.

Handling Missing Data.Missing data was not a severe problem in our @esalyData
was missing for only one to two participants, dejyeg on the variable. Full information
maximum likelihood (FIML) estimation was therefarsed to handle this missing data

(Arbuckle, 1996; R. J. A. Little & Rubin, 2002; Whe, 2000).

3.4 Results

3.4.1 Descriptive Statistics

The descriptive statistics depicted in Table 7 skdferences between the non-
academic (non-ATp= 184) and academic track (A= 131) in Gf and Gc in both childhood
and adulthood. The academic track students scaogbéithan the non-academic track

students on Gf, WK, and KW. Moreover, the meaneddhce between the tracks increased
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from age 12 to age 52. This effect was especiatipgunced for our longitudinal measure of
Gc (i.e. WK), with a mean difference between the tracks of 10.77 1Q points at age 12 and
16.02 1Q points at age 52. The mean difference éatviracks for Gf increased from 8.20 IQ
points at age 12 to 9.08 1Q points at age 52. Hewetie increased difference between the
tracks across age was not accompanied by an iecireaffect size (for GEES, = .62 and
ES, = .61; for WK:ES, = .84 ancES;; = .76), because the standard deviations for both
groups also increased across age. Thus, in teref$est size, the initial difference between
both groups remained comparable from age 12 tdagEurther, Table 7 also shows a mean
increase across time in participants’ test perforeedan Gf as well as in Wiithin each
track. This increase in test performance acrosshgeed a large effect size for Gf wHS
non-at= 1.18 ancESaT = 1.39. The effect was even larger for WK wWii8on.ar= 2.84 antES
at = 3.79. This shows that, on average, participactsgesl higher on Gf and WK at age 52
than they did at age 12. Moreover, this increageshperformance was more pronounced in
the academic track group than the non-academik tnamip. However, we also see that the
standard deviations increased over time, espediatlye non-academic track. This effect
shows that the non-academic track group became nebeeogeneous over time than the
academic track group. Importantly, this also intBeahat initial differences between people
became more pronounced for non-academic track stsitiean for academic track students.
We also find differences between the non-acadendcaademic track in the test
assessing knowledge of the world (KW), which waly assessed at age 52 (see Table 7). On
average, the participants in the academic trackabadt one more correct answer per
presentation format than the participants in the-academic track. This difference can also

be described as medium (kv & kf) or large (kn)amts of effect size.
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Table 7

Means, Standard Deviations, and Differences in MeaBetween School Tracks as Obtained for Observeht&st Scores and Over Time for
Longitudinal Subtest Scores

non-Academic Track Academic Track Difference in mean

mean SD mean SD across groups ES
Fluid Reasoning (Gf)
Age 12 100.90 13.39 109.10 12.14 8.20 0.62
Age 52 118.21 14.90 127.29 12.36 9.08 0.61
Difference in mean over time (ES) 17.31 (1.18) 18.19 (1.39)
Word Knowledge (WK)
Age 12 97.49 13.38 108.26 11.71 10.77 0.84
Age 52 150.56 22.15 166.57 17.50 16.02 0.76
Difference in mean over time (ES) 53.07 (2.84) 58.31 (3.79)
Knowledge of the World Subtests at Age 52
kn 2.31 1.10 3.53 1.27 1.22 1.04
kv 3.31 1.17 4.05 1.22 0.74 0.62
kf 3.11 1.22 3.75 1.15 0.64 0.54

Note N = 315, Ron-academic trace 184, Rcademic tracie 131.ES= effect size for mean differences Cohethigith pooled variance. Gf = fluid
reasoning. WK = word knowledge. kn = numerical sgbtkv = verbal subtest. kf = figural subtest
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3.4.2 Measurement Invariance Between Groups

To study the invariance of subtest scores betweendn-academic and academic
group, we examined a series of increasingly com&damodels. A report of the model fit
indices is summarized in Table 8. The key resdlthese analyses can be summarized as
follows. We could establish full configural, fulletric, and full scalar invariance for the
models with Gf and WK as the dependent variabbgat52. For K\is the dependent
variable at age 52, we could establish full conadjand full metric invariance. Full scalar
invariance did not hold, so we set the intercepti® numerical knowledge subtest free
across school tracks in order to obtain partidlesdavariance. In summary, in the current
study, the full and partial scalar invariant modelsthe non-academic and academic track
groups indicate that the two groups do not diffeichin terms of their measurement
properties for all three dependent variables atzyéience, all differences between the non-
academic track and academic track in the remaianadyses can be interpreted as differences
between the two tracks. For the model estimatélseoéntire sample, where we did not

examine the tracks separately, no measurementamearis necessary.
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Table 8

Evaluation of Model Fit to Study Measurement Invamce and the Impact of Different Variables of Cogivie Abilities for the Non-Academic
and Academic School Tracks

Model Base Additional Equality X2 df p CH RMSEA SRMR AlC Differences ( A)
Constraint p of
compare X2 df Ax2 CH RMSEA SRMR AIC
Group-Model: Fluid Reasoning (Gf) at age 52 as Dependent Variable
Gfl configural invariance 12.37 14 058 1.000 0.000 0.022 16279.92
Gf2 GfL  metric invariance 20.38 17 026 0.995 0.036 0.089 16281.84 Gf2vs.Gfl 713 3 0.068 -0.005 0.036 0.067 1.92
Gf3 Gf2  scalar invariance 22.07 20 0.34 0.997 0.026 0.093 16277.44 Gf3vs.Gf2 172 3 0635 0.002 -0.010 0.004 -4.39
Gf4 Gf3  Gf12 & Gcl2 on YoFE 2407 22 034 0.997 0.024 0.098 1627520 Gf4vs.Gf3 199 2 0.370 0.000 -0.002 0.005 -2.24
Gf5 Gf4  Gfl2 & Gcl2 on Gf52 24.60 24 0.43 0.999 0.013 0.095 16272.01 Gf5vs.Gf4 0.74 2 0691 0.002 -0.011 -0.003 -3.19
Gf6 Gf5  YoFE on Gf52 3084 25 019 0.991 0.039 0.099 16276.12 Gf6 vs.Gf5 536 1 0.021 -0.008 0.026 0.004 411
Gf7 Gf5 intercept of Gf52 26.73 25 0.37 0.997 0.021 0.096 16272.19 Gf7vs.Gf5 196 1 0.162 -0.002 0.008 0.001 0.18
Gf7 vs. Gf3 471 5 0452 0.000 -0.005 0.003 -5.25
Group-Model: Word Knowledge (WK) at age 52 as Dependent Variable
WK1 configural invariance 17.09 14 025 0.995 0.037 0.026 16773.37
WK2 WK1 metric invariance 23.56 17 0.13 0.990 0.050 0.053 16773.47 WK2vs. WK1 6.36 3 0.095 -0.005 0.013 0.027 0.10
WK3  WK2 scalarinvariance 28,04 20 011 0.988 0.051 0.060 16772.26 WKS3 vs. WK2 444 3 0.218 -0.002 0.001 0.007 -1.21
WK4 WK3 Gfl2 & Gecl2 on YoFE 30.36 22 0.11 0.987 0.049 0.066 16770.39 WK4 vs. WK3 230 2 0317 0.000 -0.002 0.006 -1.88
WK5  WK4 Gfl2 & Ge12 on WK52 3083 24 016 0.990 0.043 0.067 16767.05 WK5 vs. WK4 065 2 0.723 0.002 -0.006 0.001 -3.33
WKG6 WK5  YoFE on WK52 34.91 25 0.09 0.985 0.050 0.067 16768.73 WKG6 vs. WK5 458 1 0.032 -0.005 0.007 0.000 1.67
WK7  WK5 intercept of WK52 3351 25 012 0.987 0.046 0.068 16767.57 WK7 vs. WK5 271 1 0.100 -0.003 0.003 0.001 052
WK?7 vs. WK3 549 5 0.359 -0.001 -0.005 0.008 -4.69
Group-Model: Knowledge of the World (KW) at age 52 as Dependent Variable
KwW1 configural invariance 2992 30 047 1.000 0.000 0.036 14265.39
KW2  KW1 metricinvariance 3732 34 032 0.995 0.025 0.053 14264.34 KW2vs. KW1 7.72 4 0102 -0.005 0.025 0.017 -1.05
KW3 KW2 scalar invariance 55.02 38 0.04 0.973 0.053 0.065 14274.38 KW3vs.KW2 1647 4 0.002 -0.022 0.028 0.012 10.04
Kw4  KW2 partial scalarinvariance 41.11 37 030 0.993 0.027 0.058 1426251 KW4vs. KW2 373 3 0292 -0.001 0.002 0.005 -1.83
KW5  KWw4 Gfl2 & Gecl2 on YoFE 43.07 39 030 0993 0.026 0.062 14260.41 KW5 vs. KW4 196 2 0.375 0.000 -0.001 0.004 -2.11
KW6 KW5 Gf12 & Gel2 on KW52 46.59 41 0.25 0.991 0.029 0.065 14259.60 KW6 vs. KW5 3.73 2 0.155 -0.002 0.003 0.003 -0.81
KW7  KW6 YoFE on KW52 46.82 42 028 0992 0.027 0.065 14257.62 KW?7 vs. KW6 005 1 0.823 0.001 -0.002 0.000 -1.98
KW8 KW4 intercept of KW52 49.43 43 0.23  0.990 0.031 0.068 14257.94 KW8 vs. KW7 3.01 1 0.083 -0.003 0.004 0.003 0.32
KW8 vs. Kw4 852 6 0.359 -0.004 0.004 0.010 -457
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Note Constraints that proved feasible were kept imiive model test, so that each model is nestedmtitie previous one. The Gf = fluid
reasoning; WK = word knowledge; KW = knowledge lo¢ world; df = degrees of freedom; CFl = compagafivindex; RMSEA = root mean
square error of approximation; SRMR = standardiped mean square residual; AIC = Akaike’s InformatCriterion. For computing thé
difference test as derived from the MLR estimateraalculated scaled difference values using the procedure describ&htorra and Bentler

(1999). In model KW4, the intercepts of the numaricmowledge subtest were set free across schemddrto obtain partial scalar invariance
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3.4.3 Model Testing Results

In a first step, we examined the main effect ofritya of formal education. We
therefore estimated the model in Figure 4 for thi&e sample. Thus, contrary as to the
representation in Figure 4, we did not split thegke into the different tracks in this first step
of the analyses. We estimated a separate modehtdr dependent variable at age 52 (i.e. Gf,
WK, and KW). Model fit for Gf as dependent variabteage 52 was excellenf € 4.99,df =
7,p=.66, CFl = 1.00, RMSEA =.000, SRMR =.014). Mbfit for WK as dependent
variable at age 52 was good € 14.18df = 7,p = .05, CFl = .99, RMSEA = .057, SRMR
=.022). Model fit for KW as dependent variablege 52 was also excellent € 11.59,df =
15,p=.70, CFl =1.00, RMSEA = .000, SRMR =.022).

In a second step, we examined the effect of quafifprmal education in addition to
the effect of quantity of formal education. Therefove simultaneously estimated the model
shown in Figure 4 for the non-academic and the emadtracks. Figure 5 shows all estimated
model parameters for Gf (Figure 5a), WK (Figure, Btod KW (Figure 5c¢) as dependent
variable, respectively. The path coefficients infeigure show the unstandardized model
parameters and, in parenthesis, the standardizddlmarameter for all participants, the non-
academic, and the academic track, respectivelynidael estimates for the group models are
taken from the scalar invariant group models fo(i@&f Model Gf3) and WK (i.e. Model

WK3), and the partial scalar invariant model for Ki¢. Model KW4, see Table 8).

Main Effect of Quantity of Formal Education on Cogtive Abilities (i.e. Paths 4 in Figure
4 for the Entire Sample without a Split by Track)

As shown in Figure 5a for Gf as the dependent b&iat age 52, years of formal
education had a small significant effect on Gfge &2 with an standardized path coefficient

of .12 (p < .05). Figure 5b shows the results for WK asdépendent variable at age 52.
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Years of formal education had a standardized pagfficient of .07 (ns) on Wi. This small
effect fails to reach significance for the entisenple. Figure 5¢ shows the results for K\&'s

a dependent variable. Years of formal educationahaery large and significant effect on
knowledge of the world at age 52 with a standadiz&th coefficient of .560(< .05).
However, for KW at age 52, no autoregressive effewer time could be controlled for as we
did not measure KW in childhood. Thus, the influeo€ years of education could be

overestimated.

Main Effect of Quality of Schooling as Assessedthg Type of School Track (see Group
Model Comparison in Figure 4)

In a second step, we simultaneously estimatedrtingognodels. To test for significant
differences in model parameters between the tvoks$rave set model parameters equal
between the non-academic and academic track epaviste procedure. The model fits for
these tests are shown in Table 8. The impact afaddhack on cognitive abilities at age 52
can be seen in the difference of model intercept&den tracks. The model intercept for the
non-academic group was fixed at zero and the ieptror the academic group was freely
estimated. Any difference in the intercept indisaaedifference in cognitive abilities at age 52
that can be accounted for by school track. Fors&Gha dependent variable at age 52, we
found an unstandardized difference in the interoépt63 1Q points on Gf with a 95%
confidence interval of [-1.84; 13.10] (taken fronoael Gf3) For WK as the dependent
variable at age 52, we found an unstandardizedréifice in the intercept of 9.90 IQ points on
WK, with a 95% confidence interval of [-2.14; 21.9&ken from model WK3). Importantly,
for the models of Gf and WK at age 52, we were &blestablish full configural, full metric,
and full scalar invariance so that the interceffecences can clearly be attributed to the
different tracks. Thus, in the models for both G &VK at age 52, we observe a higher
increase in these two cognitive abilities for tkademic track participants than for the non-
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academic track participants. However, this diffeesfails to reach significance as indicated
by the 95% confidence intervals and also shownabl§ 8 (see test for Models Gf7 and
WKT).

For KW as the dependent variable at age 52, wedfamnunstandardized difference in
the intercept of -0.15 correct answers in the golesaire on knowledge of the world with a
95% confidence interval of [-0.59; 0.29] (takennfronodel KW4). This rather small negative
difference would indicate that the non-academickifaad a more positive effect on
participants’ knowledge of the world than the acadetrack education. However, as
indicated by the 95% confidence interval and showhable 8 (see test for Model KW8), the
differences in intercepts between the groups wasigaificant. In addition, for KVt age 52
as the dependent variable, we could establistcéulfigural and full metric invariance, but
only partial scalar invariance. This shows thatdtibtest kn is affected by academic track.
But the lack of full scalar invariance also makes interpretation of the difference in the
intercept less clear. Taken together, we did imot & significant long-term main effect of

academic track for the dependent cognitive alsliitage 52 in the current study.
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a) Fluid reasoning (Gf) b) Word knowledge (WK)

RZ WK,
67/ 52/ .84

43 50* 12
(.19% 20" 1 .06)

(17*1.12/-.03)

50.3"/33.1*/31.1*
52.4°*/32.8"136.9" (571 411 57*%) 6 4
(581 .40/ 65) (.07/.16*-.03)
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56.7*"/ 34.4*/ 36.3"
(.58 .41* 61**)

10*%.02/ .12
(:28"1.07 .24

03"/ .02+ 04"
(.30 28"/ 44"

Figure 5

Unstandardized path coefficients, covariances,Rérfdr all participants, the non-academic
track, and the academic track, respectively. Nusibeparentheses show standardized values
for all participants, the non-academic track, dr@dcademic track, respectively. These
models are based on the full scalar and partiddusoasariant group models for the three
dependent variables in the current study: (a) fltemkoning, (b) word knowledge, and (c)
knowledge of the world. Gf = fluid reasoning, WKwerd knowledge, KW = knowledge of
the world, YOFE = years of formal education, _# a@ refer to manifest variables 1 and 2
that measure the respective cognitive ability. Asks represent significance level. Squares
represent manifest test scores, circles repreatanitivariables; one-headed asymmetrical
arrows represent directional regression coeffisiewhereas two-headed symmetrical arrows
represent variances or covariances. Correlateduanggs terms of the manifest indicators
WK_1, WK_2, Gf_1, and Gf_2 (see text) are not shoavansure clarity of presentation.

** p<.05; *p<.10.
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Interaction Effect of Quantity and Quality of FormiaEducation on Cognitive Abilities by
Track (i.e. Paths 4 in Figure 4)

While simultaneously estimating the group models were able to test for
interactions between quantity and quality of formdlication. Thus, to test for significant
differences in model parameters between the tvoks$rave set model parameters equal
between the non-academic and academic track epaviste procedure. The model fits for
these tests are shown in Table 8. For the two todmial dependent variables measured at age
12 and age 52 (i.e. Gf in Figure 5a and WK in Fegbipn), we found that years of formal
education had a significant effect on Gf and WHniadle adulthood for the participants who
visited the non-academic track only. These effeete of small to medium effect size (.24
non-aT, P < .05, for Gf52 as the dependent variable andoilr, p < .05, for WK52 as the
dependent variable; Cohen, 1988, 1992). In contfasparticipants who visited the academic
track, Gf and WK at middle adulthood were not sigantly affected by years of formal
education. This difference between the two tradks proved to be significant, as shown by
the test of Models Gf6 and WK®6 in Table 8. Thushia current study, years of formal
education had a long lasting positive effect ondbgnitive development of students
attending the non-academic track, but not of tledgdents attending the academic track. In
addition, no such interaction effect was foundKdY as dependent variable at age 52. Years
of formal education had a significant and largeetfion KW at age 52 for both students in the
non-academic and the academic track.(4kr and .5%r, see Figure 5c). The size of the
effects does not differ significantly between the tracks (see test for Model KW7 in Table
8). Unfortunately, we could not account for thduehce of KW at age 12. Thus, it is possible
that the effect of length of education may be ostmeated, although we were able to account

for the influence of other cognitive abilities ihilclhood, i.e. WK and Gf at age 12.
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To summarize, we found an interaction between len§formal education and school
track for Gf and WK as dependent variables. Lemdtiormal education had a significant
small to medium sized effect on both Gf and WKgs &2 only for those participants that had
visited the non-academic track. For KW at age &Rgth of formal education had a large
significant effect for both tracks. This effect mfagwever be an overestimation due to the

lack of measuring autoregressive effects of KW diee.

Cattell's Investment Theory (i.e. Paths 3 and 5pestive of the Dependent Variable in
Figure 4)

Cattell's investment theory (Cattell, 1971, 198 dcts that Gf is invested into the
acquisition of Gc by taking advantage of environtaklearning opportunities. Thus, the
predictions of investment theory can either be dBean indirect effect of G on WKz, and
KW:s, via years of formal education to map learning ofputies in school or a direct effect
of Gf1, on WKs, and KWk, to map learning opportunities not assessed icuh@nt study.

We drew on the analyses for the entire sample aonine the propositions by Cattell’s
investment theory (i.e. the same analyses as éomtiin effect of length of education) as the
investment theory does not make any propositionguatity of education. In the present
study, no indirect effect of Gf on WKs; via years of formal education was found. The
indirect effect is the product of the two diredieets. For the Model with WK at age 52 as the
dependent variable, this would be represented dptbduct of path 1 and path 4 in Figure 4.
The effect of years of formal education on W6 not significantly different from zero;
therefore, the product would not be significantiffjedtent from zero. However, we found a
marginally significant (significant on an alphaétwf 10%) direct effect of Gf on WKs,

(see Figure 5b) for the entire sample ({19,.10). In summary, we did not find an indirect

effect of Gf in childhood on WK in adulthood viarfoal education. However, we found a
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marginally significant direct effect of Gf in chitdod on WK in adulthood that may map
learning opportunities other than those providedidognal education.

Cattell’s investment theory also applies to &\As the dependent variable. For the
entire sample, we found an indirect effect of .4l ®f;, via years of formal education on KW
in adulthood. This finding is in line with Cattedlinvestment theory. In addition, we also
found an indirect effect of Wk on KWs; via years of formal education of .16. Thus, inrer
of Cattell's reasoning, word knowledge was alsested in the acquisition of knowledge of
the world during learning opportunities in schdoladdition, we did not find a significant
direct effect of Gf, on KWs; for the entire sample. Taken together, for KW héagy
opportunities provided by formal education weréngbortance. Both Gf and WK in
childhood were invested into the acquisition of KMadulthood during learning
opportunities provided by formal education. However direct effect of G was found on
KW in adulthood, while WK, did have a direct effect on KW in adulthood.

In addition, Figure 5a shows that Wiid not have any direct cross-lagged effects on
Gfs,. However, for the entire sample, we found a vemalsindirect effect via years of formal
education for both G (.02) and WK (.03).

To summarize, when looking at the entire samplen@hildhood did have an effect
on both WK and KW in adulthood as proposed by tivestment theory. However, WK and
KW differed concerning the mediating effect of f@aneducation. While formal education did
not play a role for Wik in the current study, the effect of @&bn KWs,was mediated via
formal education. However, we also found that MMas invested into the acquisition of both

Gfs;and KWk, by taking advantage of learning opportunities piedi by formal education.

Impact of Cognitive Abilities on Years of Formal Edation (i.e. Paths 1 and 2 in Figure 4)
As shown in Figure 5, for the entire sample, botla@ WK at age 12 had a
significant effect on years of education, which \almost identical for all dependent
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cognitive abilities in the present study. Varyingthe dependent variable under study, the
standardized effect of Gfon years of education was of small to medium é8ee and
ranged between .1p € .05, for WKs2) and .19 |§ < .05, for G§, and KWsy). The effects of
WK1, on years of education were of medium effect simbranged between .28 € .05, for
Gfs; and KW5) and .29 i < .05, for WKs,). Thus, as expected, we found that cognitive
abilities impact the length of formal educatiorthe entire sample.

A little surprisingly, when we estimated the modglaultaneously by school track in
the multi-group model, the effect of Gf and WK gedl2 did not reach significance (as
indicated by the model test of Model Gf4, WK4, a5 in Table 8). Thusyithin each
track, G, and WK, did not affect the length of formal educationhe turrent study. This
finding may be a result of the reduced varianc&fia WK1,, as well as length of schooling,
when analyzing the non-academic and academic geaarately. However, explanations of

this finding are discussed in more detail in thecdssion.

Differential Stabilities (i.e. Paths 3 and 5 respe® of the Dependent Variable in Figure 4)
Differential stabilities are shown in the autoresgige effects over time in the models
that we have estimated. As expected for the twgitadinally assessed cognitive measures
Gf and WK, we found large significant autoregress¥fects even over the 40 years of
lifespan that are captured in the current studyuifd 5a shows the autoregressive effect for
Gf. For the entire sample, the standardized autessie effect of Gf amounts to . 4¥ (
< .05). For the group model, the effect amount§4ofp < .05) for the non-academic track
and .77 f < .05) for the academic track. Figure 5b showsatlteregressive effects for WK.
For the entire sample, the standardized autordgessHect of WK across 40 years of lifetime
amounts to .67p(< .05). For the group models, the effect amoumts8 p < .05) for the non-
academic track and .88 € .05) for the academic track. The differencehm path
coefficients between the tracks does not reachfgignce, as shown in Table 8 (see test for
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Model WK5). Importantly, the high autoregressivieefs show that a large part of the
variance in Gf; and Wks; is explained by the autoregressive effect acrioss. t

For KW as the dependent variable at age 52 (seed-fr), a childhood measure is
lacking in the current study, thus we could noineate the autoregressive effects of this
cognitive ability. However, it is shown that WKage 12 (i.e. another aspect of Gc) has a
medium-sized effect on KW for the entire sample (.3p,< .05) as well as the non-academic
track (.28,p < .05), and an even larger impact on the acadgroigp (.44 p < .05). However,
the difference between the two tracks fails to nesignificance (see Table 8, test for Model

KW).

3.5 Discussion

The present study examined the complex dynamiésrofal education and cognitive
abilities over the lifetime. We were especiallyeirgsted in the impact of quantity of formal
education (as measured by years of formal eduqadimh quality of formal education (as
measured by school track) on fluid intelligence)(@hd two aspects of crystallized
intelligence (Gc), namely word knowledge (WK) ambWwledge of the world (KW). We were
able to control for prior cognitive ability in lathildhood on Gf and WK, and the study
design also enabled us to examine possible interecbetween quantity and quality of
formal education. Crucially, the present study sea40 years from late childhood at age 12
into middle adulthood at age 52. On average, ppaints who had visited the non-academic
track left formal education at the age of 17 years participants in the academic track at the
age of 21 years. For the discussion it is importattear in mind that when our participants’
cognitive abilities were re-assessed in middle tadold, the participants had left formal
education over three decades ago. Thus, comparadry other previous studies, we

investigated the long-lasting impacts of formal @tion on cognitive abilities.
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The statistical analyses consisted of two stepst,e analyzed the entire sample
without splitting the sample by academic track. §;hwie did not simultaneously account for
guantity and quality of education, but examinedydhe impact of quantity of formal
education on the three dependent variables undey.sthese analyses had some statistical
advantages: (a) By not splitting the sample into groups, we had a bigger sample size and
thus more statistical power. (b) The distinctiotoithe two school tracks is based on students’
academic performance in primary school. Academifopmance is connected to cognitive
ability. Thus, when divided by school track, a resibn of range on cognitive abilities in
childhood can be expected within each school t(aek Table 7). Due to the high differential
stabilities, a restriction in range in adult cogratabilities can also be expected (see Table 7).
(c) In Luxembourg, the non-academic secondary ddhack is shorter than the academic
secondary school track. In addition, academic tstgllents have the opportunity to visit all
kinds of career tracks including university andstlagain prolong their formal education,
while non-academic track students do not have as/mptions to pursue their educational
career. Thus, splitting the sample by school tedsk results in a restriction of range in the
variable years of formal education within eachkrggee section on Measures in the current
study). In summary, the analysis of the entire damyithout splitting it by school track has
the advantage of higher statistical power and striotions of range can be expected. In
addition, the analyses on the entire sample atermiited to estimate the main effect of
guantity of education and also to investigate tvestment theory.

Second, we estimated the multi group models byeroadtrack to simultaneously
account for the impact of quantity and quality @fmhal education. These analyses enable
investigating the main effect of quality of formeducation in terms of school track as well as

any possible interactions between quantity andityuafl formal education.
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3.5.1 Impact of Quantity of Formal Education on Cogitive Abilities

The main effect of quantity of formal educatiorsi®wn in the analyses of the entire
sample. For the models of Gf and WK at age 52, @eewable to control for autoregressive
effects from childhood into adulthood. We obseraesinall effect of years of formal
education for both Gf and WKs,.. However, the effect only reached significanceGdy, and
failed to reach significance for WK Although this effect is rather small for the eati
sample, we see later in the interaction that thecefs significant for both @gf and Wks,and
of small to medium effect size but only for the raimademic group. However, the finding that
Gf is stronger impacted by formal education than®K) is a bit surprising. Two
component theories of intelligence postulate tihdtallized abilities are more sensitive to
changes in the environment than fluid abilitiese Tinding will be discussed in more detail in
the interaction section.

For knowledge of the world (KW) at age 52 as thpahdent variable, we found that
years of formal education had a very large andifsogimt effect on K\W,. However, we were
able to control for Gk and WK, in childhood, but we could not control for autaregsive
effects of KW over the lifespan. It could be foistheason that we see a different pattern of
results for KW. However, another reason for théedént outcomes for KW is that KW might
be differently affected by formal education than Wie knowledge test was constructed so
that it does not favor very specific knowledge doregBeauducel, Liepmann, Felfe, &
Nettelnstroth, 2007). Thus, the test covers a bevad of different subjects and included the
following subject areas: history and geographyaad culture, economy, science,
mathematics, and general everyday knowledge plbssible that much of the knowledge
covered by the test is learned in formal educafldms could explain why KW, as assessed in

the current study, may be differently affected lepng of formal education than WK.
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3.5.2 Impact of Quality of Formal Education as Assesed by the Type of School Track

We did not find a significant main effect of guglof formal education as assessed by
school track in the current study. However, fog @ihd WKs,, the results in the current study
pointed to a more positive effect on cognitive iéiles for the academic track, as also found in
previous research (Becker et al., 2012; Husén §man, 1991; Shavit & Featherman,
1988). In the descriptive analysis, Gf increasedfchildhood into adulthood with an effect
size of Cohen’sl = 1.18 for the non-academic group and an effeet sf Cohen’sl = 1.39
for the academic group. Thus, the manifest increa&f across age differs for the two
groups by about .20 of a standard deviation. Howekie descriptive statistics also showed
no increase in effect size in thetweergroup difference from age 12 to age 52. Thus, even
though the academic track had a higher increa&d from age 12 to age 52, the difference
between the groups remained stable in terms oftefee. This pattern of effects can
probably be explained by the increased gap betweetwo poles of the ability distribution
across age as shown in Study 1. The differencd in tBe intercept in the latent group model
also pointed to a more positive effect for the araid group with a difference between the
non-academic and the academic group of 5.63 IQg¢iaken from model Gf3). However,
the difference between the tracks was not sigmfigathe latent group model.

For WK the pattern was the same as for Gf but \aither effect sizes. In the
descriptive analysis, WK increased from childhoath iadulthood with an effect size of
Cohen’sd = 2.84 for the non-academic group and an effeet gaf Cohen’sl = 3.79 for the
academic group. Thus, the two groups differed byost one standard deviation. However,
the differencédetweergroups was the same at age 12 and age 52 in térafifect size. The
difference in the intercept in the latent group elddr WK also pointed to a more positive
effect for the academic track with a differencensssn the non-academic and the academic

track of 9.90 IQ points (taken from model WK3). Hoxer, the difference between the tracks

114



Chapter 3 — Long-term Consequences of the Quantitgnd Quality of Formal Education
for the Development of Intelligence

was not significant. Thus, the effect for Gf mayeatst be small and the effect for WK may
even be somewhat larger, possibly a medium effeet Blowever, these effects did not reach
significance in the current study. One explanatamot finding a significant effect for
school track (although the direction of our findsrig in line with previous research) could be
that the statistical power in the current study veaslow for the effects to reach significance.
We would have needed a larger sample size forrhgpgnodels under study in order to find
an effect of school track that reaches significance

Another explanation is that in Luxembourg studemésallocated to the non-academic
and the academic track mainly on the basis of ga@demic performance in primary school.
As academic performance is connected to cognitiéias (Jensen, 1998), the tracking
decision is also affected by a students’ cogniéibdities. Thus, students in the non-academic
track have a lower average on Gf and WK than stisdéat attend the academic track (see
Table 7). It is possible that formal educationhia two tracks is tailored to the academic and
cognitive needs of the attending students. Thedsis one of the main rationales for sorting
students into different tracks. Thus, formal ediacain the non-academic track is adapted to
best promote the academic and cognitive abilitteb@® students with the lower average on
cognitive abilities. The same argument also accofortthe cognitively better scoring
students in the academic track. Thus, both grogg@sing in cognitive abilities (see Table 7)
may be due to the fact that individual studentsnattthe school track best suited to them.
Thus, it would not be possible to make a geneedéstent that the academic track is better for
everyone, but that increase in cognitive abiliteesiore a function of fit between students’
abilities and school track. In this case, we wawdt find a main effect for school track, as
found in the current study, even though the qualitiormal education is very important to
students’ cognitive development. The finding in tescriptive statistics of the manifest

variables that the differendetweerthe groups did not increase with increasing agerims

115



Chapter 3 — Long-term Consequences of the Quantitgnd Quality of Formal Education
for the Development of Intelligence

of effect size also points into this direction. §kixplanation is opposed by other studies that
have found a more positive effect for the highexdesenic track (see Becker et al., 2012;
Husén & Tuijnman, 1991; Shavit & Featherman, 198®R)wever, the contrast to other
findings may be grounded in a number of methodckdgiifferences, for example, country
specific school systems, length of study, or takimg account quantity of schooling in
different tracks (i.e. number of hours per day gears of schooling per track). However,

much more research is necessary to investigat@aisisibility.

3.5.3 Interaction between Quantity and Quality of lBrmal Education

In the multi group models, we found an interacti@ween school track and the
influence of years of formal education on \¥lnd Gé§,, the two measures were we could
control for autoregressive effects over the lifespéears of education had a significant effect
on WKs, and G§;, only for the non-academic track students, butfoiothe academic track
students. The effects were of small to medium &Bee and unexpectedly the effect for
WK, was a bit smaller than the effect fors&On the contrary, the cognitive abilities insgf
and WKs; of the students in the academic track were onpaicted by the autoregressive
effect over time of the cognitive ability underdyu

Thus, years of formal education was significaniydal the non-academic but not for
the academic track for the analyses ogp@hd Wkso. When interpreting these findings, we
must keep in mind that over 30 years have pass&ebe participants leaving formal
education and the re-assessment of cognitiveiabiliLifespan developmental psychology
may provide an explanation for the interactions postulated that person-specific
(professional) influence factors gain in importaafter individuals leave formal education.
Thus, after formal education ends people develdperdirection of their professions and
interests. Therefore, the professional and leisakgronment becomes increasingly important
for the development of cognitive abilities. Scha@ad colleagues (1999) have for example
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shown that job complexity affects cognitive abé#ti In addition, individuals themselves are
responsible for the level of cognitive challengehdir leisure activities. It is very feasible to
assume that the former students of the academithamabn-academic differ greatly in
respect to both professional and leisure environnmelater life. An academic track diploma
enables to obtain more intellectual occupationsisTlcademic track students are more likely
to take on occupations that are of an intelleatadiire. Many of the academic track students
will also have interests that are of a more cultaral intellectual nature. Thus, the later
professional and leisure environment of academacktstudents is very likely to be
cognitively challenging, which in turn will traiméir cognitive abilities after formal education
has ended. Importantly, the content and intenditiiie “cognitive training” will be very
individualized. Thus, even though a positive effgfictormal education on cognitive abilities
may have most probably existed for the academik iaithe end of formal education. This
effect may have been compensated or overlain bgrtfessional and leisure environment in
the 30 years after leaving formal education.

On the contrary, the non-academic track prepaustests to take on occupations of a
more physical and less intellectual nature. In taldlj the non-academic track students are
less likely to have interests of a cultural or lietetual nature. Thus, the professional and
leisure environment of former non-academic trackishts will be less cognitively
challenging than formal education. Therefore, tifece of formal education on the cognitive
abilities of non-academic track students may peesisn up until age 52. The effect may be
very robust as formal education takes place aha in life, when the students are still very
sensitive to environmental influences (Li & Balt2606).

Crucially, these findings show that formal educatiay indeed be an important
instrument when it comes to closing gaps in cogaitibilities. The cognitive abilities of

participants in the non-academic track profitedrfimrmal education over 30 years after
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leaving school. Thus, it is especially this subgrgurobably the lower performing subgroup
in the population, which can profit from structutieterventions or formal education. It is also
possible that this subgroup may be much more degrérmh external help and programs to
keep them cognitively challenged. Future researcthe development of cognitive abilities
that takes into account the interactions betweemtjly of education and quality of education
or level of cognitive abilities is needed. Futuesearch is also needed to determine whether
formal education also has an impact on the acadegatk students and when this influence is
no longer detectable as in the current study.

In addition, we found in the present study thain@s more sensitive to length of
formal education than WK, a more crystallized MValea This finding is contrary to
assumptions of lifespan cognitive psychology (LB&ltes, 2006). It is postulated that
crystallized and fluid abilities, are differentiatffected by the environment and biological
factors. Crystallized abilities are more sensitivéhe environment, while fluid abilities are
more affected by biological factors such as adihmwever, the plasticity of different aspects
of cognition is not sufficiently studied. The prasstudy’s findings show that Gf was more
affected by quantity of formal education than WKis possible that we found a larger effect
on Gf than on WK, because word knowledge may besrationgly affected by influences
other than only formal education. Word knowledgansability that is not only trained in
school, but, for example, whenever a person ogenpdper or the internet and starts reading.
Thus, it is possible that for this specific measfr&c, person-specific influences have
become more important than formal education irBhgears between leaving formal
education and data collection. On the contraryc@ild be better trained in school. Crucially,
the current findings show that the plasticity afidl abilities to environmental factors may be

largely underestimated at the moment. This poiihgrtant as it enables very many
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possibilities to support and maintain cognitivedtioning into old age for a society, which is

constantly growing older.

3.5.4 Cattell's Investment Theory

Cattell’s investment theory (1987) postulates fhadl abilities are invested into the
acquisition of crystallized abilities when indivigls take advantage of environmental learning
opportunities such as formal education. Such acetfould be shown in (a) an indirect effect
of Gf12, on WKs,/KWs; via years of formal education and (b) a directeifof Gfi, on
WK2/KWs, The direct effect is expected as it may map legroportunities other than
those provided by formal education. For Wids the dependent variable, we did not find that
Gf in childhood was invested into the acquisitidW\K during formal education. However,
learning opportunities other than those providedidognal education may have played a role
as we did find a significant direct effect of,&dn WKs, of approximately small to medium
effect size. This explanation is very feasibleha tase of word knowledge as this ability can
be trained whenever a person is faced with verlaaénal, for example in television, the
newspaper or magazines. A different pattern wasddar KW, the other facet of crystallized
abilities in the present study. For KW\as the dependent variable, we found significant
indirect effect for both G and Wk, on KWs;, via years of formal education, while no direct
effect of Gf,on KWs, was found. Thus, in terms of Cattell’s investntbebry, both Gf; and
WK1, were invested into the acquisition of knowledgéhef world at age 52. This investment
mainly took place during formal education, as wendbfind a significant direct influence of
Gf12.

The reason for the different pattern of resultsViti{s, compared to K\, may be
twofold: (a) the lack of being able to measure egeessive effects for KW may bias the
results for KW so that the effect of formal educatmay be overestimated. (b) Knowledge of
the world may be differently affected by formal edtion than word knowledge. Former
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research has shown that factual knowledge and habiday are two distinct aspects of Gc
(Schipolowski et al., 2014), thus they could algtedently relate to formal education. Factual
knowledge may depend more on formal education fasascs an important place for the
acquisition of general knowledge. Verbal abilitytbe contrary is surely also trained it
school, but also easily trained in everyday lifeewtiaced with verbal material. This
explanation applies especially to the measuregifal ability and factual knowledge in the
present study. The measure of factual knowledge)(kaldted very closely to knowledge
obtained in formal education and the ability forbad measure (WK) is very likely to be
trained in everyday life.

Further, as expected by investment theory, wendtdind a direct impact of
crystallized abilities on fluid abilities acros<tlifetime (i.e. WK, on Gk,). However, we did
find an indirect effect of WK in childhood on Gf adulthood via formal education. Thus,
word knowledge may have been invested into theisitigun of Gf in adulthood via learning
opportunities provided by formal education. Iteasible to expect certain positive effects of
previous knowledge on fluid ability (Renkl, 1998ut the knowledge needs to show some
task-relevance for the task of Gf (Li & Baltes, BpOWe did not expect this for the current
study. However, as we found a small indirect eftddtVK,, on Gf in adulthood, Wi may
have had some task-relevance for the measure @h Gédition, this finding may also point
to a reciprocal relationship between fluid and taled abilities across the lifespan.

To summarize, the predictions of investment thebay fluid abilities are invested into the
acquisition of crystallized abilities are supporbgdthe data in the present study. Depending
on the crystallized ability under study, the inwesit of fluid ability into crystallized ability
took place during formal education or must havébphdy taken place during other learning
opportunities. However, the effects were not ofj¢aeffect size and partially only marginally

significant. One explanation could be that the tinterval of the current study may have been
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too long to test the postulations of investmenbtiién detail. Investment theory describes the
process of how fluid abilities affect the acquaitiof crystallized abilities. Thus, more points
of measurement with shorter intervals would be se&ey to test the assumptions of
investment theory in more detail and in order talfiarger effect sizes. In the present study,
we had a time interval of 40 years between measemesnHowever, despite this long time
interval we still found effects to support the posjtion that fluid abilities are invested into

the acquisition of crystallized abilities by takiagvantage of learning opportunities. Thus,

these effects can be considered as extremely robust

3.5.5 Impact of Cognitive Abilities on Quantity ofFormal Education

Intelligence tests measure the potential of childeesucceed in school (Brody, 1997).
Thus, in line with ample previous research (Jen$888), both Gf and WK in childhood had
a significant small to medium sized impact on yedrf®rmal education for the entire sample
in the current study. However, this effect wasfoaoind in the separate analyses for the non-
academic and academic tracks. This finding may tesalt of the restriction of range of
childhood cognitive abilities as well as the lengthormal education within each track as
described earlier in the discussion. However, ild@lso show an indirect effect of
intelligence in childhood on the tracking decisi@he more intelligent students are allocated
to the academic track, while the not so intelligedents are allocated to the non-academic
track. Thus, when analyzing the models by track dffiect of intelligence on educational

attainment may already be indirectly included ie ttacking variable.

3.5.6 Differential Stabilities
Differential stabilities are indicated in autoreggizve effects of the same variables in
childhood and adulthood across time. However, difiéal stabilities are usually the

correlation of the same variables across timeohtrast, the autoregressive effects in the
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current study show the differential stabilitiedie context of the remaining variables in the
structural equation model under examination. Weébhigh autoregressive effects for the
cognitive abilities that were assessed both atl2gend at age 52. These high autoregressive
effects for Gf and WK were found for both the naa@emic and academic track, showing
that the constructs have high differential stap#itross time even, when other important
impact factors are controlled for. Similar effelts/e been found in previous research (Deary
et al., 2000). In addition, even though we did m@te an equivalent longitudinal measure for
KW in childhood, WK — the other aspect of Gc asedsa childhood — had a medium to large
effect on KW in adulthood. This finding supportg ttiose relationship between the two

aspects of Gc as assessed in the current study.

3.6 Strength and Limitations

In the current study, we examined the long-termseguences of formal education on
cognitive development across 40 years of particgdifiespans in a longitudinal sample in
which most of the participants had left formal eatian over 30 years ago. The fact that we
found an impact of formal education over such glome span shows the robustness of the
effect and great importance of formal educatioagnitive development. Further, our
research design allowed us to effectively addressnoajor validity threat that longitudinal
designs usually suffer from: The time span of 4@rgdetween the two measurement
occasions rendered retest effects almost impos@ibieker-Drob & Salthouse, 2011). This
made it possible to effectively control for childitbcognitive abilities (i.e. autoregressive
effects) for almost all of the cognitive abilitisader study. In addition, our study design
enabled us to address two important indicatorewhél education: quantity and quality (i.e.
school track). Importantly, in contrast to mostyioes research, we were able to study

possible interactions between these two indicators.
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Despite these strengths, our study was subje@veral limitations, which should be
borne in mind when interpreting the present findiagd addressed in future research. First,
our only re-test measure of cognitive abilities waeen over 30 years after most participants
had left formal education. One more measure takertlg after the participants had left
formal education would have been very helpful feo reasons (a) with only two points of
measurement, it is impossible to provide a comprsive picture of the course of cognitive
development (e.g., growth-curve modeling of indixats’ cognitive development), and (b) we
could have assessed the impact of formal educatigrh better for both tracks. This would
have enabled us to see whether length of formatataun also affected the academic track
immediately after leaving formal education.

Second, we could not directly tackle one key pnoisi®f longitudinal designs
selective attrition (Tucker-Drob & Salthouse, 2Q1Ndtably, the present longitudinal sample
reflected important characteristics of the represere base sample of 12 year old students
fairly well, as it was only slightly positively ssdted in terms of several childhood
characteristics including cognitive abilities, pated socioeconomic status, grade point
average, gender, and migration background (seed-lduin the Annex D). Nevertheless, we
cannot rule out that the statistical estimatesmdividuals’ cognitive development are
distorted because of the selective attrition oflgtparticipants. For example, aging related
deficits may be underestimated (Tucker-Drob & Salge, 2011) because participants with
lower cognitive abilities were more likely to dray of the current study. This is a typical
problem of most longitudinal studies (Tucker-Drolsé&lthouse, 2011) and can be a result of
several reasons, such as (a) an association of gaitive abilities and death or illness
(Deary, 2010), or (b) disinterest of lower-funciimg participants as they might have less

confidence in their cognitive abilities or in thest.
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Third, we lacked a longitudinal measure for KWughthe different patterns of results
for KW and WK could not be clearly interpreted. Meheless, the results of the current study
show the importance of testing different aspeciS@gfas they may also differently relate to
other important constructs such as formal education

Fourth, it is possible that a larger sample sizald/bave been required to find
significant differences on the main effect of qtyatif formal education as assessed by
academic track. In the current study, we had amativeample size dil = 315, of which 184
students were in the non-academic track and 13fests were in the academic track. Given
the latent multi group models that were specifiedould be possible that the difference in
main effect between the non-academic and the adadeank would have become significant,

if we had had more statistical power (i.e. a laggnple size).

3.7 Conclusion

The present study examined the complex relatiosdbgiween cognitive abilities and
formal education over a time span of 40 years fiaie childhood into middle adulthood.
More specifically, we were interested in the lorgit consequences of educational pathways
in terms of quantity of formal education (i.e. y&af formal education) and quality of formal
education (i.e. non-academic track vs. academik}ifar the development of cognitive
abilities for over 30 years after participants kfhool. We found a significant small to
medium sized effect of quantity of formal educatmnGf and WK in adulthood for the non-
academic track but no effect for the academic traifkspan developmental psychology (Li
& Baltes, 2006) provides an explanation. After induals leave formal education, their
cognitive abilities are influenced more and moregbyson-specific professional influences
and socialization typical influences such as forgthlcation loose importance. The non-

academic track prepares students to take up odonpdhat are of a more physical or manual
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nature, whereas the academic track prepares fopations of a more intellectual career.
Hence, after formal education, the participanthh@&non-academic track may have had fewer
opportunities than participants in the academickita train their cognitive skills in everyday
life. Therefore, the impact of formal educationamgnitive abilities may be more persistent
for participants in the non-academic track compaogohrticipants in the academic track. In
addition, length of formal education had a larggm#icant effect on knowledge of the world

in the current study. This effect was found for &mtiire sample as well as for the non-
academic and academic group. Importantly, the ntusteidy shows that formal education has
a very robust and enduring effect on cognitiveiad over most of a person’s lifespan. In
addition, we have found that the two aspects ofviged knowledge, a verbal measure, and
knowledge of the world, a factual knowledge measulated differently to formal education.

This may underline the finding that they are distimspects of Gc (Schipolowski et al., 2014).
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Chapter 4 - Study 3: Long-Term Consequences of Grade Retention on

Educational Attainment, Adult Income, and Adult Intelligence

4.1 Theoretical Background

The European Commission has identified grade reteass a very critical issue in the
wider struggle against school failure and earlyostlheaving, which are two high priority
problems on the European policy agenda. Stratégiesmbat school failure are at the center
of discussion and the European Commission is fagusn grade retention and its impact on
children with difficulties at school (European Coission, 2011, p. 3). In all educational
systems, students’ achievement and progress irobishassessed throughout the year and
several measures are taken to help students whotdeerform well. Grade retention is one
of these pedagogical measures. It is the practiogaking students with unsatisfactory
academic achievement repeat the current grade lesfelre they can proceed to the next
grade in school.

Grade retention is a very frequent pedagogical noreaat schools in several European
countries. According to the European Commissio®820in some countries grade retention
concerns up to 25% of students at least once ingbkool career, while in other countries
hardly any students repeat a year. In Luxembouegiegretention rates at the primary
education level are over 20%, meaning that evétty student has fallen behind by the end of
primary school (European Commission, 2011, p. 35).

Grade retention is meant to help students withadilies at school and improve their
academic performance. Grade retention is alsoyaergrensive measure. In Luxembourg’s
case, a 20% repetition rate in primary school méaas20% of students are kept in school

one additional year during their primary schoolkear Thus, additional teachers, classrooms,
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furniture and so on must be provided and financedh additional year for every fifth
student. However, the reported outcomes of gra@tioen most often stand in sharp contrast
to the idea with which this pedagogic measure @iag. According to a report by the
European Commission (2011), some repeaters catolhile the vast majority does not.
Moreover, retained students often show lower I@rgitachievements than weak students
who have been promoted (European Commission, 2@@8gially, in most research studies,
grade retention has been found to have either mva@m negative short- to mid-term
outcomes (Goos et al., 2013; Holmes & Matthews4i8Righes et al., 2013; Jimerson, 2001;
Jimerson, Anderson, et al., 2002; Jimerson, Ferguathipple, Anderson, & Dalton, 2002;
Reynolds, 1992). In addition, it has been showntti@retention decision is biased by socio-
economic background, resulting in children witlessl advantaged socio-economic
background to have higher repetition rates (Eunoggammission, 2008). For these reasons
and the great number of affected students, it @wdial importance to study the long-term

consequences of grade retention.

4.1.1 Grade Retention

Students who falil to attain the competencies reguio achieve a certain grade level
have to repeat that grade level with the ideadhadditional year of maturity and exposure
to the curriculum will improve the students’ acadeachievement and social success in
future grade levels. In many countries, theredem@eral consensus that grade retention is a
very beneficial measure for students (European Cigsiam, 2011). In almost all school
systems, poor grades/marks are the main reas@nstoident to repeat a year, although other
criteria may play a role. The decision-making pescis mainly influenced by the teacher’s
opinion of the student, while parental opinion hdssser influence (European Commission,
2011). Contrary to the general idea that gradentiete is supposed to be beneficial for the
students, research findings are very controveasidlthe majority of findings report either no
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or even negative effects of grade retention onralrar of variables related to educational

attainment and psychological functioning (Holme#é&tthews, 1984; Jimerson, 2001).

Reasons for Grade Retention

What are the characteristics of students who dagned compared to those students
who are promoted? Surely, students are retained wisy fail to achieve certain
competences that are expected of their grade lewéth is often reflected in poor grades.
Thus, achievement, in terms of grades and inteligeplays an important role in the
retention decision (McCoy & Reynolds, 1999; Sandioi@84). However, several research
results show that differences in grades and igestice may not be significant between
retained students and those students who arekatfrizeing retained but are promoted
(Jimerson et al., 1997; Niklason, 1984; Sandov@4). Crucially, social aspects may also
play a role.

Several parties such as the teacher, the schabtharparents are passively or actively
involved and play an important role in the decistdnvhether a child will be retained or not.
Most often, other criteria than only achievementalaes are considered in the process and
decisions are made on an individual basis (Jimeesah, 1997). Socioemotional adjustment
is also a variable, which plays a role in the rietendecision (Holmes & Matthews, 1984;
Jimerson, 2001; Jimerson et al., 1997). Moreovéras been repeatedly found that boys are
more often retained than girls (Byrd & Weitzman949Holmes & Matthews, 1984;
Jimerson, 2001; Jimerson et al., 1997; McCoy & Ré&ys 1999). Poverty and low
socioeconomic status (SES) have also been idehtiBeisk factors for being retained (Byrd
& Weitzman, 1994; Holmes & Matthews, 1984; Jimers2001).

Interestingly, parental characteristics have beend to play an important role in
whether a child will be retained or not. In a stiyyByrd and Weitzmann (1994) based on
data from almost 10,000 children aged 7-17 wha@pated in the Child Health Supplement
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to the 1988 National Health Interview Survey in @A, single parenthood and low
maternal education were identified as risk factorgrade retention. On the other hand, high
maternal education and both biological parentsig\at home were found to play a protective
role. Another large-scale study by McCoy and Regadll999) included 1,164 low-income
minority children from the Chicago Longitudinal 8tu They found that parental
participation in school prevented children fromrggeretained. However, parental education,
free lunch eligibility (as an indicator for povextywumber of years in CPC participation (i.e.
an early intervention program), special educatiacgment, and teacher ratings of classroom
adjustment did not have any incremental predigiioeer for retention in their analyses.
These results might partially be a result of thecsgd sample of the study, which focused on
low-income minority children. In another study, &irson and colleagues (1997) found that
promoted children (comparison group) had parentis kigher 1Qs and those parents were
more involved in the school than those of retaiciaittren.

In summary, grades, intelligence, gender, par&&E3, socioemotional adjustment,
living situation, parental involvement in schoddrental intelligence, and parental education

are predictors of grade retention.

Impact on School Careers

Only a few research results report positive findinfjgrade retention on future
academic performance (D. C. Gottfredson et al.41Bfighes et al., 2010) or children’s
perceived school competence (Reynolds, 1992). Sbuakes report short-term positive
effects that diminish over one or two years (Jimey4999, 2001; Jimerson et al., 1997; Wu
et al., 2010). In contrast, the great majorityedaarch findings reports either no effect of
grade retention on academic performance (Chen,&(l0; Im et al., 2013; Phelps et al.,
1992; Pierson & Connell, 1992) or even an negafiect of grade retention on a number of
variables such as future academic performance (€toals, 2013; Hughes et al., 2013;
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Reynolds, 1992), parent’s expectations (Hughes,2@l3), academic self-efficacy (Hughes
et al., 2013), children’s psychological functionif@goos et al., 2013), future school career
(Goos et al., 2013), and importantly, dropping @futigh school (Jimerson, Anderson, et al.,
2002). In addition, several negative consequentggsade retention on students’ school
careers have been reported in the meta-analysidslhyes and Matthews (1984) as well as
by Jimerson (2001). Holmes & Matthews (1984) repiwait grade retention has a negative
effect on personal adjustmel®S= -.27), self-concepES= -.19), attitude towards school
(ES=-.16), and school attendan®&SE= .-12). They conclude that retained studentsrfavo
school less than promoted students. In the moentaneta-analysis by Jimerson (2001),
negative effects of grade retention were also faumdelf-conceptfS= -.04) and school
attendanceES= -.65), but with different effect sizes compatedHolmes and Matthews
(1984). Moreover, Jimerson (2001) emphasized thesideration of long-term consequences
of grade retention. Some of the studies in the raptdysis reported short-term advantages
for retained students during the year followingngton. However, these advantages
diminished or even reversed in many longitudinatigs covering a longer time span
(Jimerson et al., 1997).

This pattern of effects has also been found in mecent studies. Im and colleagues
(2013) found effects of grade retention in primseiool on students’ reading and math
achievement, teacher-rated engagement, and strefamted school belonging in middle
school. The authors used propensity score matadbingntrol for 67 covariates, the matched
sample included almost 400 children. No positivegitudinal effect of grade retention was
found in their study. Both retained and continugysbmoted students had comparable
outcome measures in the year prior to and theaféartransition to middle school.

Wu and colleagues (Wu, West, & Hughes, 2008) cotedua longitudinal study that

spanned 4 years with a sample of 784 studentst Afatching retained with comparable
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promoted students on the basis of propensity soatehing, their sample contained 196
students. They performed growth curve analysestimate the effect of grade retention.
Compared to national grade norms, retained studpsrienced an increase in the year that
they repeated, but a decrease in growth ratetafieyear. Thus, the students only benefited
from grade retention in the short-term, but nahi@ longer term. The authors concluded that
the short-term benefit for the retained studentsskes when they face new and unfamiliar
material. In addition, the students might expergeasequence of failure (the year before
repetition), success (the repeated year) and éaggain (when they face new material), and
that this chain of events might have a crucial tiggampact on students’ academic-related
self-beliefs.

Goos and colleagues (2013) computed a longitudinaly over 6 primary school
years in Belgium that covered 122 schools and ri@ne 3,600 students (298 retained
students). They found that retained students & grade were less likely to retain another
school grade. However, compared to equally at bekpromoted first graders, they had a
12.5% higher probability to move to a special ediocgprimary school, were 21,0% more
likely to move to another primary school, and 35 %s likely to move to the A track (the,
higher school track versus B track) in the firsaryef secondary school. Thus, in a tracked
school system such as in Belgium (or also in Luxaundp), retained students are more likely
to attend the lower track than their equally at,rtsut promoted, peers.

In addition, research findings show that retainedesnts are also more likely to drop
out of school than their low achieving but promopegrs (Alexander et al., 2003, 1997,
Jimerson, Ferguson, et al., 2002; Rumberger, 199%)dition, previously retained students
are also less likely to obtain a high school dipgo®ven when they have achievements
comparable to those of continuously promoted stisd@ngrades 8 and 9 (Alexander et al.,

2003). Jimerson and colleagues (2002) reviewedudies that examined the relationship
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between grade retention and school dropout. Thegladed that §rade retention is one of
the most powerful predictors of dropout stat(@merson, Anderson, et al., 2002, p. 441), a
finding that is shared by Rumberger’s work (199%)e link between grade retention and
school dropout has often been explained by a psoziedisengagement from school
(Alexander et al., 2003; Holmes & Matthews, 198dg#&hi, Tremblay, Vitaro, Boulerice, &
McDuff, 2001). Retained children might like schéeds than their promoted peers or link
school to more negative events than their contislygoromoted but low achieving peers.

To summarize, grade retention in primary schoollbesen shown to have a lasting
negative effect on most students’ future schoatea, even though many findings show no
negative effects on students’ achievement. Retastwtkbnts are more likely to attend a lower
(and shorter) track in a tracked school systenrap dut of school. Thus, by reaching young
adulthood, most retained students have receivadykem's of schooling at a lower level than

their comparable but continuously promoted peers.

Long-Term Consequences: Educational Attainment, brae, and Intelligence

Lifespan developmental psychology (Baltes, 1987 Baltes, 2006) may provide a
theoretical framework to explain possible negalbrey-term consequences of grade retention
in primary school. Grade retention takes placegaiat in life, when individuals are still very
sensitive to environmental interventions. Thusdgreetention may have long lasting impacts
as later environmental influences are less effediBaltes, 1987; Li & Baltes, 2006). Further,
it is proposed that individuals interact with theirvironment in a reciprocal manner.
Therefore, the three key life outcomes in the prestudy are closely connected. As
described above, most retained students receigsesthgcation than their promoted but
equally at risk peers. This can affect a numbeatlér life outcomes over several decades of
the lifetime. Two prominent factors are income antdlligence. In Study 3, we focus on the
relationship between grade retention and genetalligence ¢) as, to our knowledge, no
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hypothesis exist why grade retention should besckfitly affect by fluid and crystallized
abilities.

Schooling, intelligence, and income are closelynsmted. Schooling and intelligence
affect economic life outcomes. It is a well-docunteehfact that longer school attendance
results in a higher income (Ceci & Williams, 199pwever, the possible reasons for this are
more debated. Some researchers (L. S. Gottfred9&Tb, 1998, 2002; Schmidt & Hunter,
2004) argue that the influence of schooling on meas mainly determined by intelligence.
More intelligent people stay in school longer antl also perform better in the job, which
leads to a higher income. Ceci and Williams (198@pose that there are two ways how
schooling may influence income: (a) An indirecteeffas higher schooling is an indicator of
higher levels of intelligence and (b) a more direféect as many jobs require a minimum
entry school qualification. Thus, the higher thaldication level, the higher the income.

The effect of intelligence on schooling is well dowented. In fact, the first IQ tests
were designed and invented with the objective eflfmting school performance (Brody,
2000) and they have served their purpose well. Timgspredominant amount of research on
the relation between intelligence and educationges on intelligence being the predictor and
education being the criterion. It therefore comea@surprise that the predictive value of
intelligence on academic success is well estaldighensen, 1998). The effect of intelligence
on job performance and income is equally well dihbd. Intelligence has been found to be
the single best predictor of job performance iresalstudies and meta-analyses (L. S.
Gottfredson, 1997b, 2002; Hunter & Hunter, 198A8idt & Hunter, 2004).

However, even though there is wide consensus amdmngars in the field that more
intelligent students stay in school longer, marseegchers underestimate the reciprocal
relationship between schooling and intelligenceo(®r 1997; Li & Baltes, 2006). Thus,

staying in school longer may also positively affégwt student’s intelligence level (Ceci &
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Williams, 1997). Therefore, the influence of inigdince goes beyond the decision to remain
in school, as schooling may also increase intellbggBrody, 1997; Ceci & Williams, 1997;
Neisser et al., 1996). There is vast evidencethigis the case and that schooling does
indeed affect intelligence (Ceci, 1991, 1999; Nerist al., 1996). The positive effect of
length of schooling on cognitive abilities was aleond in Study 2 of the current Ph.D. thesis
for non-academic track students even over 30 \aftes participants had left formal
education. Thus, less schooling negatively impagisrson’s intelligence level over several
years. Grade retention has been found to be cathézischool drop-out and to negatively
affect a number of other academically relevantaldes. Hence, retained students are more
likely to leave school early. Subsequently, itasgble that retained children’s intelligence is
negatively affected by the retention decision drad this effect accumulates over several
decades after having been retained.

In summary, retained children drop out of schootermften and are less likely to
attain a higher track. Thus, retained school chaildieceive less schooling. In the long-term,
this can have a large impact on their educatiottairement, their economic success and thus
income, but also on their level of intelligence.nde, the retention decision in primary school

can have a lasting impact on key life outcomegintaood.

4.1.2 Selection Bias and Propensity Score Matching

A great problem for most research tackling gradenteon is the methodological
limitation of lacking a randomized experimentaliga§ Thoemmes & Kim, 2011; Wu et al.,
2008). For a causal attribution of an outcome ti@atment (e.g. retention), it is required that
the assignment to the treatment and control grbepsncorrelated to the outcome (Morgan &
Winship, 2007). This is usually ensured by meansoélomization. If this is not the case,
changes in the outcome may be attributed to eitfeetreatment or pre-existing group

differences. However, in retention research, ftagher practically nor ethically possible to
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randomly assign students to the retention groupdtiment”) or the promotion group
(“control”). The assignment to these two groupsiede on the basis of several characteristics
including the students’ grades and thus also tngesits’ level of intelligence. This could

result in a potential selection bias, so that dhé/academically and cognitively weakest
students experience grade retention. It is posHilalethe retained and promoted groups differ
too greatly to be compared.

Previous research on grade retention has usedeafiffapproaches to address the
problem of biased selection: (a) a promoted comspargroup was identified, which was
comparable to the retained group (Jimerson e1@97; Pierson & Connell, 1992; Reynolds,
1992; Rust & Wallace, 1993). Most commonly, studentthe same class are identified, who
score below a certain achievement or intelligeneasure in a certain year, but are promoted
to the next class level in the following year. Howe in this approach, it is possible that the
retained and the promoted groups may not be coeipletjuivalent on the achievement
variables. Another disadvantage of this approathaspotential differences on other
important variables (e.g. parental socioecononatus) between the retained and promoted
groups may exist, which may affect interpretatibthe effect.

(b) Regression-based models, which include theyaisabf covariance or multiple
regression are used (D. C. Gottfredson et al., 19@dsels & Liaw, 1993). This approach
makes several assumptions that may not be appt@poiatudy grade retention effects
(Cohen et al., 2003): First, only a limited numbécovariates can be included in the
regression model due to power considerations (fapee elaborated explanation see Cohen
et al., 2003, p. 185ff). This is a problem for @®h in the social sciences, where the
outcomes are very complex and more factors maymied than can be included in a
regression-based model. Second, the type of rakdiip between predictor and criterion must

be known in advance and correctly specified. Méshe models assume a linear relationship,
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but a misspecification can have a very negativecetbn model estimation. Third, the retained
and promoted groups may differ greatly on theirar@tes at pretest. Reliable predictions can
only be drawn when the two groups overlap on thegates and any extrapolation of the
effect of retention beyond the region where the gnaups overlap is risky (Becker et al.,
2012).

c) A more recent and increasingly popular apprdadatisentangle confounding
factors and control for selection bias in retentiesearch is propensity score matching
(Becker et al., 2012; Chen et al., 2010; Goos.eRall3; Thoemmes, 2012; Thoemmes &
Kim, 2011; Wu et al., 2008, 2010). In comparisomggression-based models, it is possible to
include many covariates, which, in prior reseancti theory, have been shown to be related
to treatment selection and the outcome variable.dgproach allows the balancing of these
variables between the treatment and control grdeggpensity score matching is comprised
of two steps: In a first step, a single propensdyre for each participant is estimated using
logistic regression. In the present study, thibiésprobability that the participant will be
retained. In a second step, this probability iglusecreate comparable groups of retained and
promoted students via a matching algorithm. Therdiiele to this approach is that it reduces
sample size.

Propensity score matching procedure consists efdifferent steps, as described by
Thoemmes (Thoemmes, 2012; Thoemmes & Kim, 20113t,F set of baseline covariates is
selected on the basis of previous research andythéds important that these baseline
variables are not affected by the retention degisiod should therefore be assessed before the
students are either retained or promoted. It is @gortant to be as comprehensive as
possible, when selecting appropriate variablesos#oon the basis of the selected covariates,
a single propensity score (i.e. the probabilityt tha student will be retained) is calculated.

The score is most commonly calculated by meansgi$tic regression, where group
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assignment is the outcome variable and the coearate the predictors (Thoemmes, 2012).
Thus, the propensity score conveys the likelihooa person being retained a year in school
on the basis of the selected covariates, which we@sured before the retention decision was
made. Third, retained and promoted students witlilai estimated propensity scores are
matched. The matching process equates the retamegdromoted students on the propensity
score and thus, also on the covariates used toastithe score. Several different matching
algorithms can be used. The most common is 1:feseaeighbor matching (Thoemmes &
Kim, 2011). In this algorithm, one retained stugastmatched to one promoted student with
the most similar propensity score. However, whena sizes of the retained and promoted
group differ greatly (as in the current study) daenany matching can be applied
(Thoemmes, 2012). Matching one treated participgatnumber of controls has been shown
to produce even better gains in bias reduction gMirRosenbaum, 2000; Thoemmes, 2012).
However, not more than 5 matches to a single waihacessary (Ming & Rosenbaum, 2000).
In order to control matching quality, a caliperuais defined, which is reported in units of
standard deviation of the logit of the estimategpensity score. The caliper distance is the
maximum allowable difference between the propersityes of the matched students. There
is no recommended value for the caliper distaneeliBr, 2002), although some researchers
provide rules of thumb (Rosenbaum & Rubin, 1985).tke one hand, the lower the caliper is
set, the fewer matches will be found. On the ottzerd, the higher the caliper is set, the larger
the difference between matched students. Thudjpecaalue must be deliberately chosen
and re-adjusted if needed, taking the model adsgests in step 4 into account (Bacher,
2002). Fourth, model adequacy is tested. In omleheck whether a balance of the covariates
has been achieved by the matching procedure, $estatigtics from the retained and
promoted groups are compared before and after imgtchhe main indicator is the

standardized mean difference of covariates, whichulsl be close to 0 after matching
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(Thoemmes, 2012). Finally, the retention effeasimated via multiple regression in the

matched subsample.

4.2 The Present Study

The present study examines the important questitiledong-term effects of grade
retention in primary school up into middle adultdo®Ve will address three key life outcomes
(a) educational attainment in terms of years ofcatlan, (b) adult male income, and (c)
intelligence in middle adulthood. Most previouse@sh on the long-term effects of grade
retention covers only a couple of years. Even lufnal studies, which cover the time until
participants leave school, are scarce. Thus, t&oowledge, the effect of grade retention in
primary school on income and intelligence in midaiiielithood has rarely been studied, if
ever. However, long-term effects of grade retentian be expected, as retained students are
more likely to leave school earlier than their ge@rho were also at risk of being retained,
but were promoted. In turn, leaving school earfgst job qualification, income, and also
intelligence level.

In addition, another important feature of the pnestudy is that we were able to
perform a propensity score matching procedure drobfor important child, family, parent,
and school characteristics that have been showaffeot the retention decision. Furthermore,
in the multiple regression analyses, we also ctiettdor childhood intelligence and grade
point average in the most important school subjectsimary school. Due to the study
design, we lacked a measure of intelligence andegraefore students were retained.
Therefore, we could not include these two importavariates in the propensity score
matching procedure, as we expected an effect diegretention on exactly the same
variables: intelligence and educational attainment.

In summary, the present longitudinal study makesrsg important contributions to
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the empirical body of research on the long-terrecf of grade retention in primary school.
(@) It spans 40 years from late childhood to middialthood and (b) examines three key life
outcomes (i.e. educational attainment, adult nraderne, and adult intelligence). Previous
longitudinal studies on grade retention have rai@ed at the length of formal education or
intelligence development beyond school age. Tckaowledge, no study exists that
addressed the impact of grade retention on adeohie. (c) We were able to control for key
child, family, parent, and school characteristaswell as childhood intelligence and grade

point average in the analyses.

4.3 Methods

4.3.1 Participants and Procedure:

The current longitudinal study (MAGRIP) encompadseés points of measurement -
1968 and 2008, covering a time span of 40 year$9@8, a representative sample of 2,824
students (49.9% female) was drawn from all elentgrgehools in Luxembourg, who were
approximately 12 years ol#l(= 11.9 yearsSD = 7.2 months) at the time of testing. Detailed
information was collected on the parents’ workiitgation, the students’ living situation,
grades, school characteristics, as well as otheest characteristics. In addition, all children
completed a comprehensive intelligence test, threstungsprifsystem” (i.e. achievement test
battery, Horn, 1962, 1983), which was administdrgdrained university students in a group
setting.

In 2008, 745 (53.3% female) of these former stugslemiw aged approximately 52
years, were visited at home and interviewed omr #ahiicational history as well as their
income (i.e. household sample). For the analyseseraing the influence of grade retention
on educational attainment in terms of years of atiag, we drew on the entire household

sample. For analyses of adult income, we drew emthle participants(= 348) of the
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household sample only. Most of the women in thisocbhad stopped working when they
married, or did not achieve their career poteritididey continued working. Thus, including
them in the analyses could have biased the results.

In a second stage, 378 participants (51.8% fenfiae) the household sample retook
the same intelligence test that they had compk@egears earlier (i.e. intelligence test
sample). About two thirds of these persams @47) took this test in a group setting; the
remaining participants were visited at home to tieetest individually. All tests were
administered by trained assessors and the testgtapkocedure strictly followed the
standardization of the test manual. We drew onitiiéligence test sample to study the
influence of grade retention on intelligence in diedadulthood. More details on the sample
sizes of the three propensity score subsamplabddhree criterion variables are included in

the missing data section.

4.3.2 Measures

In the following, we will describe our measuregodde retention and the three key
life outcomes under study: (a) educational attamnreterms of years of formal education,
(b) income, and (c) intelligence in middle adultdowe will then describe the covariates that
were controlled for in the current study, namelkgligence in childhood, grade point
average, parental socioeconomic status, and thariates included in the propensity score

matching analyses.
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Grade Retention in Primary School
In the current study, grade retention was assdsséte participants via self-rep@rt
For this purpose, participants were asked whetierwere retained in primary school or not

during the home interviews in 2008.

Educational Attainment in Terms of Years of Educati

In 2008, trained assessors interviewed the paaint§ on their educational and
occupational history and recorded the informatiorthe form of an educational curriculum
vitae (CV), where start and end year of each schasited were reported. From the
educational CV, we calculated educational attairtnreterms of length of formal education.
Length of formal education was assessed by yeafsriofal education after primary school.
In addition, the number of retained school yearprimary and secondary school were not

considered for the calculation of years of educatio

Income at Age 52

Monthly income was measured with a 15 point sdad¢ ¢lustered several net monthly
income categories. The lowest possible category weased “no own income” the highest
category was “€10,000 and more”. The categories ewehosen in reference to
Luxembourgian monthly income and were designedowperation with experts in the field,
namely the research institute CEPS/INSTEAD in Lukenrg, which was also responsible

for the Luxembourgian survey on “European UniontStias on Income and Living

® Note. In 1968, teachers were also asked to réperretention” career of the students in the stidtywever,
the coding system in 1968 was rather complicatetthaiothe variable was coded in several differesysvand
the data was not clearly interpretable for a langgportion of study participants. “Cleaning” thealaould have
involved a great deal of subjective interpretatmia speculation. In addition, the data from 19&Brdit take
into account participants that repeated grade @wdter the MAGRIP study was conducted in 1968. We
therefore decided to rely on the self-reported da2008. The bias in self-report is clearly atitdible and not

subject to the interpretation of the person “claghior interpreting the data from 1968.
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Conditions / Panel Socio-Economique Liewen zu Lteeg”. For the statistical analyses, we
took the mean per category with a maximum valu€f,000 net per month. The detailed
categories can be found in Table 14 in Annex C.

The analyses of own income were only conductednfale participants as most of the
female participants had stopped working or hadawbieved their career potential. This is a

typical pattern in Luxembourg for women in the cdhad the current study.

Intelligence in Late Childhood and Middle Adulthood

Intelligence at ages 12 and 52 was assessed bgulntests taken from a standardized
and well validated German intelligence test battegmed the “Leistungspriufsystem” (L-P-S;
I.e. achievement test battery, W. Horn, 1962, 1988 L-P-S includes 9 subtests on four
different broad ability factors of intelligence $uas fluid reasoning, comprehension-
knowledge, visual processing, and processing s(igethlke et al., 2012). Each subtest
contained 40 items and had to be completed witlict $ime constraints, which were
specified in the test manual. For the analysekarcurrent study on grade retention, we used
the L-P-S sum-score of the 9 assessed subtesisdesageneral intelligengeA
comprehensive description of the L-P-S, that inetuckliability and validity estimates, can be
found in Annex A. In 1968, the children were randpadministered to one of two parallel
test forms of the L-P-S. Because the means andnaas of subtests differed slightly across
test forms, we used a linear-conversion rule (KélaBrennan, 1995) to equate the test
scores. To this end, we standardized the sum-s¢dhe L-P-S separately for each test form
to an 1Q metric with a mean of 100 and%Dof 15 for the base sample. In 2008, the
participants were given the exact same test forthitems that they had completed in 1968.
To allow meaningful comparisons across time, thm-saores obtained for the second wave
of measurement in 2008 were equated by using the sanversion rules as applied in 1968
(i.e., the standardization of measures in 2008lveaed ormeansandSDs obtained from the
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entire sample in 1968).

Grade Point Average in Primary School

In 1968, grades in primary school were assesseththematics, oral and written
German, and oral and written French. Grades wesesasd for 4 trimesters. The trimesters
included the three trimesters of the school yemr po assessment of the study as well as the
first trimester of the year of data assessmentd€ra Luxembourg were assessed on a scale
from 1 to 60, were 60 was the highest achievalddeyand 1 the lowest possible grade. For
the current study, we calculated the mean forsséased grades by weighting the
mathematics, the German, and French grades 1/8atesgly. Thus, this grade total included
the mathematics (weight 1/3), oral and written Ganrfweight 1/3), and oral and written
French (weight 1/3) grades from all 4 assessecetiars. The grade total was then included

in the current study’s multiple regression analyses

Parental Socioeconomic Status in Primary School

In 1968, the school children reported their fathensl mothers’ occupations. These
occupations were then used to assess parentaésonimmic status (SES). To this end, the
occupations were coded using the Internationaldat@hClassification of Occupations
(ISCO-68; International Labour Organization (ILQP68) and then transformed into the
International Socio-Economic Index of Occupatioftdtus (ISEl; Ganzeboom et al., 1992)
according to the transformation tables provide@layzeboom and colleagues (1992). The
ISEI was developed by Ganzeboom, De Graaf, anaribrei(1992; Ganzeboom & Treiman,
1996) and has also been used as a standard irrdmaparental SES in the PISA study
(Baumert et al., 2001). The ISEl is a linear cambnsly scaled variable that is based on the

education and income of a certain occupationalg(@anzeboom & Treiman, 2003). To
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determine a single indicator for a child’s pare/@BIS, we took the higher ISEI of the

mother’s and father’s occupation.

Covariates for the propensity score matching procesl

The pattern of data collection did not allow gradestelligence in childhood to be
controlled for in the propensity score analysesahbiee we expected an impact of grade
retention on these very same variables. Thus,dardo control for grades and intelligence
these variables must be assessed before the stadet#ined. In the current study, both
grades and intelligence were collected after mbgtechildren had already been retained in
primary school. However, we tried to make as musshaf the rich dataset of the MAGRIP
Study as possible and applied a procedure sinailRetynolds (1992). For propensity score
matching, we identified those variables, which weskected after the student had been
retained, but could not be affected by grade reteraind are very stable (e.g. gender, number
of people in household, parental SES). As descrdibede, in addition to grades and
intelligence, many child, family, and parental dweristics have been shown to affect the
retention decision. Thus, the retained and promstigdents were matched based on the
following covariates:

Several studies have shown that boys are much likehgto be retained than girls
(Byrd & Weitzman, 1994; Holmes & Matthews, 1984nédrson, 2001; Jimerson et al., 1997,
McCoy & Reynolds, 1999). Therefore, (1) gender watuded in the covariates. We also
included (2) school gender configuration (i.e. dmbys, only girls, mixed), as it is possible
that this might influence the finding that boys arere likely to be retained than girls. In
addition, poverty and low socioeconomic status (St&&e been identified to be predictors of
grade retention (Byrd & Weitzman, 1994; Holmes &tMaws, 1984; Jimerson, 2001). Thus
we included the following variables as they araaatbrs of SES (3) total number of children
in household, (4) highest parental SES in termSBf of parental occupation, (5) parents
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working, (6) total number of people living in hoaséd, and (7) nationality. Single
parenthood has also been shown to influence whatbkild is retained or not (Byrd &
Weitzman, 1994), so we included the (8) family &iiton (i.e. parents married, divorced,
widowed, etc). As found by McCoy and Reynolds (I)9#8rental participation prevents
children from being retained. We included the Valgg9) person learning with participant, as
indicator of family support and participation. Fhetmore, we included two child
characteristics, namely (10) birth rank and (11pthgarticipant born. Birth rank was
included as first-born children are likely to gatich more attention from their parents. Month
participant was born was chosen because schodlreera in Luxembourg is connected to a
fixed reference birth date. Thus depending on tbatmborn, students can be either young or
old for their grade. It is possible that childrgoting” for their grade are more likely to be
retained as the retention decision is also oftstified with the developmental status of a
child.

To summarize, we were able to control for 11 imaatrchild, family, parental, and
school characteristics in the study. However, duié lack of another measurement point
before primary school (i.e. before the retentiooisien), we could not include intelligence,
and grades as covariates in the propensity scai@hing procedure, as we expected an effect
of grade retention on exactly these two variablés.therefore included these two variables

as covariates in the multiple regression analyses.

4.3.3 Propensity Score Matching Procedure and Datanalyses Approach

In order to control for a possible selection biagamily and child characteristics between
the retained and promoted children, we applied gmejty score matching. The propensity
score can be defined as the probability of a stuttehe retained in elementary school based

on the predictive power of a number of covariateseaiention. In the current study, we were
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able to control for a number of family, parentdijld, and school related variables that have
been found to correlate with grade retention irviames research.

We had to draw on a different sample for each rooite variable (i.e. educational
attainment, adult income, and adult intelligenc€&hus, the propensity score matching
procedure was performed for each criterion varialle5 steps as described above
(Thoemmes, 2012; Thoemmes & Kim, 2011). The propgessore was calculated in SPSS
23 using the SPSS propensity score matching (P8}inadersion 2.0 provided and
programmed by Thoemmes and based on the undemRipgckages Matchit, Rltools, and
cem (Hansen, 2004; Hansen & Bowers, 2008; Ho, Idaig, & Stuart, 2007a, 2007b;
Thoemmes, 2011). We used logistic regression asatgscalculate the propensity score.
Retained and promoted students with similar esgthatopensity scores were matched with a
nearest neighbor algorithm. As recommended in iteeature (Ming & Rosenbaum, 2000;
Thoemmes & Kim, 2011), a one-to-many matching pdace was applied. For each criterion
variable, the ratio of promoted to retained stug@mthe unmatched samples ranged from 1:5
(income) to 1:9 (adult intelligence). In the literee, it is recommended that a 1:5 ratio is
sufficient (Ming & Rosenbaum, 2000). Thus, we chasetio of 1.5 for all analyses in the
current study. The maximal allowed caliper distawa¢h which we started was seta@at .2,

a value often chosen and recommended in the litergAustin, 2011). A caliper value of .2
indicates that the retained and promoted matchedpgrdo not differ more than .2 standard
deviations on the logit of the propensity scoreteAthe matching procedure was finished,
model adequacy was tested to verify that a balahtee covariates had been achieved by the
matching procedure. To this end, we compared @redsrdized mean difference of covariates
(Cohen’sd) between groups before and after matching. Far tigst, values close to O are
desirable (Thoemmes, 2012) with a recommended ftutadue of .30 (Im et al., 2013).

Should the standardized mean difference of cowswidtave differed greater than the
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recommended cut-off value, the caliper distance ldvdwave been adjusted and a new
matching procedure would have been performed (Ba26€2).

After propensity score matching had successfudigrbaccomplished, we estimated
the retention effect by applying multiple regressimodels to the data for each matched
subsample (i.e. for each criterion variable). Wetided grade point average in primary
school, childhood intelligence at age 12, higheseptal SES, and the propensity score in the
multiple regression analyses. Childhood intelligerschool grades, and parental SES are
three of the most prominent impact factors on etioical attainment, adult income, and adult
intelligence (Bradley & Corwyn, 2002; Ceci & Wilhas, 1997; Schmidt & Hunter, 2004).
Therefore, we decided to control for these impdriaituences in the regression analyses.
Parental SES was already controlled for in the @nsfily score matching, so that parental
SES was equally distributed between the promoteddetained group. However, parental
SES can still have an impact on the three critevemmbles under study (i.e. educational
attainment, adult income, and adult intelligencggrahe lifespan. Thus, including parental
SES in propensity score matching controls forritkience on being retained or not, while
including parental SES in the multiple regressinalgses controls for its influence on
educational attainment, adult income, and aduttligence across the lifespan. As
recommended in the literature, the propensity se@®included in the regression analyses
for a better adjustment of the model (Rubin & Thep000). In addition, previous research
has shown that much of the influence of grade teteron key life outcomes could be
mediated by educational attainment. Therefore,ngkided years of education as a predictor
in the analyses for adult income and adult intelige. The calculations were performed using

SPSS 23

" For some of the criterion variables, the modedsrdit converge in MPlus, probably a result of the $mall

sample size of some of the matched subsamplesefbhner all analyses were taken out in SPSS.
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In addition to the standard indices reported intipld regression models, we used
several different types of correlations to desctil®complex relationships between multiple
predictors and criteria, which are described bye&Poéind colleagues (2003). The product
moment regression coefficiem {s the standard measure of the linear relatignsbtween
two variables. The squared regression coefficiéhtépresents the proportion of variance in
the criterion that can be explained by one predict@ multiple regression (not the unique
proportion of variance). The semi-partial corraatcoefficient (sr) is the correlation between
the criterion and the portion of one predictor tisaincorrelated with the remaining predictors
in a multiple regression. The squared semi-pactalelation coefficient () is the unique
variance of a single predictor in a multiple regres on total criterion variance. Therefore,
sPequals the unique contribution of one predictah®R of the multiple regression in the
context of the remaining predictors. The partiatelation coefficientr) is the correlation
between the portion of the criterion that is unetated with the remaining predictors and the
portion of one predictor that is uncorrelated with remaining predictors in a multiple
regression. The squared semi-partial correlati@ifioient (pf) is the unique variance of a
single predictor in a multiple regression on theatt f the criterion variance that is not
accounted for by the remaining predictors in a ipldtregression. Therefop will always
be larger than sr as it represents the same un@utebution of one predictor on the
criterion, but in proportion to a smaller part bétcriterion variance (i.e. the part of the

criterion variance that cannot be accounted fothleyremaining predictors).

4.3.4 Missing Data

We applied listwise deletion for missing data. Teticipants with missing data on
at least one of the covariates in the propensityesanalyses were excluded from the
analyses. In addition, participants with missingea on at least one of the predictors in the

multiple regression analyses were also excluded.
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Educational AttainmeniThe household sample from which we drew comprigs
(53.3% female) students. 20 participants had ngssatues on one of the covariates for the
propensity score matching (3 parental SES, 12 fasitiiation, and 5 nationality) and were
excluded from the analyses. Of the remaining 7@8esits, 485 students were successfully
matched, of which 101 (49.5% female) were retased 384 (52.6% female) were promoted.
For the regression analyses, data was missinglfpafticipants on intelligence in childhood
and for 2 participants on grade point average. @ i&sparticipants were excluded from the
multiple regression analyses. Thus, a sampteo#72 (51.9% female) constituted the basis
for the multiple regression analyses, of which £9.%% female) were retained and 375
(52.5% female) were promoted.

Adult IncomeThe income sample from which we drew comprised (848 female)
students. 10 participants had missing values orobtiee covariates for the propensity score
matching (1 parental SES, 5 family situation, anthdonality) and had to be excluded from
the analyses. Of the remaining 338 students, 2i&ests were successfully matched, of
which 49 (0% female) were retained and 164 (0% fejnaere promoted. Of the 213
successfully matched participants, data was midsing participants on intelligence in
childhood and for 17 participants on income. THZ&@articipants were excluded from the
multiple regression analyses. Thus, a sampte=0i191 (0% female) constituted the basis for
the multiple regression analyses, of which 46 (@¥dle) were retained and 145 (0% female)
were promoted.

Adult IntelligenceThe intelligence test sample from which we drempdsed 378
(51.8% female) students. 10 participants had ngssatues on one of the covariates for the
propensity score matching (1 parental SES, 6 fasiilyation, and 3 nationality) and were
excluded from the analyses. Of the remaining 368esits, 203 students were successfully

matched, of which 41 (46.3% female) were retaineti 62 (53.7% female) were promoted.
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For the multiple regression analyses, 5 particjpaatd missing data on intelligence in
childhood and 12 participants had missing datantelligence in middle adulthood. 16
participants were excluded from the analyses agarteipant had missing values on both
variables. Thus, a sample of 187 (52.4% femald)jqgpaaints constituted the basis for the
multiple regression analyses, of which 37 (45.9%0dke) were retained and 150 (54.0%

female) were promoted.

4.4 Results

4.4.1 Propensity Score Matching and Descriptive Stigtics

In the following, we report the results of the peapity score matching procedure as
well as the descriptive statistics for the matcbaahple. This is done separately for each
criterion variable, namely (a) educational attaintnéb) adult male income, and (c)
intelligence in middle adulthood. As describedhia participants and procedure section of the

current study, we drew on a different subsampleéHeranalyses of each criterion variable.

Educational Attainment

As recommended in the literature (Ming & Rosenba@®0; Thoemmes & Kim, 2011), a
one-to-many matching procedure was applied witdtia of 1:5. We started with a maximal
allowed caliper distance of=.2. 485 students were successfully matched hatiw101
(49.5% female) were retained and 384 (52.6% fenvade® promoted. The propensity scores
in the sample ranged from .02 to .M £ .19,SD=.12). Standardized mean differences
between the unmatched and matched sample werdatattand all mean differences were
below the recommended cut-off value of .30 (Imlget2®13). See Figure 1 for histograms
with overlaid kernel density estimates of standaedidifferences before and after matching.
The pair of histograms shows the standardizedréifiges of all terms (covariates, quadratic

term, and interactions) before and after matchtag.a good comparative view of the
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magnitude of differences before and after matchimg two histograms use the same scale.
The histograms in Figure 1 show that after matclhiregstandardized differences are centered
on zero and therefore no systematic differencesirenthus, the matching procedure with a
caliper value of .2 was successful. Further detaiteparing the unmatched and matched

samples are included in Table 15 and Table 16 imeXrC.

Standardized differences before matching
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Figure 6

Histograms with overlaid kernel density estimatestandardized differences of all terms
(covariates, quadratic term, and interactions) teedmd after matching for the sample with

educational attainment as the criterion variable.

Table 9 shows descriptive statistics for the vdesincluded in the multiple
regression analyses for the promoted and retatoei@ists before and after matching. The

predictors in the regression analysis are highastrgal SES, grade point average, and

151



Chapter 4 — Long-Term Consequences of Grade Retenti on Educational
Attainment, Adult Income, and Adult Intelligence

intelligence in childhood. The criterion is eduocatl attainment in terms of years of formal
education. The medium to large group differencebénunmatched sample were reduced in
the multiple regression analyses for some of thialbkes. The difference between groups on
parental SES became much smaller (Cohdrs18) and fell below the recommended cut-
off value (Im et al., 2013). However, in the regies analyses, the promoted and retained
students still differed greatly on grade point aggr (Cohen’sl = 1.12) and intelligence in
childhood (Cohen’sl = .84). These two variables could not be incluaedovariates in the
propensity score matching procedure, as we expact@tpact of grade retention on exactly
these two variables and we lacked a measuremenrtebidie retention decision was made. To
best possibly control for the effect of these digant group differences in grade point
average and intelligence in childhood, we inclutheim in the regression analyses. In
addition, after matching the not retained studeisised formal education on average 2.5

years longer than the retained students (Colten’s32).

Table 9

Descriptive Statistics for the Variables in the Kple Regression Analyses of Years of
Education of the Promoted and Retained Studentwr®&ahd After Matching

Before Matching After Matching
Not retained Retained Effect size Not retained Retained Effect size
Unmatched Variables mean SD n mean SD n Cohen's d [ mean SD n mean SD n Cohen's d
Highest parental SES 41.2 12.9 618 33.7 8.6 107 0.61 355 9.7 384 33.8 8.7 101 0.18
Grade point average (0-60 points) | 47.1 7.6 617 37.3 7.5 106 1.29 45.9 7.9 383 37.2 7.5 100 1.12
Childhood general intelligence 104.8 13.7 609 92.8 14.0 104 0.87 104.1 136 376 92.6 13.9 98 0.84
Years of education 6.3 3.4 618 3.2 2.2 107 0.97 5.8 3.3 384 3.3 2.1 101 0.82

Note. SES = socioeconomic status

Adult Male Income
We matched using a 1:5 ratio and a maximal allogadigher distance af = .2. 213 students

were successfully matched, of which 49 (0% femalele retained and 164 (0% female) were
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promoted. The propensity scores in the sample chfigen .01 to .86N1 = .21,SD=.13).

The matching procedure was successful. All stanzieddnean differences were below the
recommended cut-off value of .30 (Im et al., 20E3yure 2 shows histograms with overlaid
kernel density estimates of standardized differsiedore and after matching. We see that
after matching the standardized differences areeceth on zero and thus no systematic
differences remain. Further details comparing thatched and matched samples are

included Table 17 and Table 18 in Annex C.

Standardized differences before matching
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Figure 7

Histograms with overlaid kernel density estimatestandardized differences of all terms
(covariates, quadratic term, and interactions) teedmd after matching for the sample with

adult income as the criterion variable.
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Descriptive statistics for the variables includedhe multiple regression analyses on
income for the promoted and retained students befod after matching are shown in Table
10. The pattern is comparable to the pattern seeyefirs of education. Before the matching
procedure, promoted and retained students diffgrealtly on all predictors. After matching,
the promoted and retained groups differed muchdadsighest parental SES (Cohed’s
=.18). The group differences on grade point avef@phen’'sd = 1.02), childhood
intelligence (Cohen’d = .94), and years of education after primary stf@ohen’sd = .90)
remained large, as they were not included in tlpgmsity score matching procedure. In
addition, after matching promoted and retainedestts] the group difference on income

amounted to almost €1,500 (Cohed’s .83).

Table 10

Descriptive Statistics for the Variables in the kple Regression Analyses of Adult Income
of Promoted and Retained Students Before and Kigéching

Before Matching After Matching

Not retained Retained Effect size Not retained Retained Effect size
Unmatched Variables mean SD n mean SD n Cohen's d| mean SD n mean SD n Cohen's d
Highest parental SES 40.8 12.7 285 34.3 8.1 53 0.53 35.8 10.2 164 34.0 8.2 49 0.18
Grade point average (0-60 ) 45.9 8.0 285 37.3 7.8 53 1.08 45.3 8.0 164 37.2 7.9 49 1.02
Childhood general intelligence 105.8 13.9 280 92.7 155 51 0.92 106.6 14.2 161 93.0 15.7 47 0.94
Years of education 7.1 3.7 285 35 2.4 53 1.00 6.2 2.9 164 3.7 2.4 49 0.90
Adult income in Euro 4716 2251 260 3091 1150 52 0.77 4602 2070 148 3031 1158 48 0.83

Note. SES = socioeconomic status

Intelligence in Middle Adulthood

We matched using a ratio of 1:5 and a startingpealdistance of = .2. 203 students were
successfully matched, of which 41 (46.3% femalejewetained and 162 (53.7% female)
were promoted. The propensity scores in the samapiged from .03 to .60M = .16,SD
=.10). All standardized mean differences werewdlee recommended cut-off value of .30

(Im et al., 2013). Thus, the matching procedure sumsessful. Figure 3 shows histograms
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with overlaid kernel density estimates of standagdidifferences before and after matching.
We see that after matching the standardized diffeye are centered on zero and thus no
systematic differences remain. Further details @mmpg the unmatched and matched samples

are included Table 19 and Table 20 in Annex C.

Standardized differences before matching
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Figure 8

Histograms with overlaid kernel density estimatestandardized differences of all terms
(covariates, quadratic term, and interactions) teedmd after matching for the sample with
adult intelligence as the criterion variable.

Descriptive statistics for the predictor and crgarvariables in the multiple regression

analyses on intelligence in adulthood are includetiable 11. Differences between the
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promoted and retained students are shown beforaftgardmatching for the variables

included in the multiple regression analyses. Befaatching, the two groups differed greatly
on all predictors as well as on the criterion aleaadulthood intelligence. The group
difference for highest parental SES was reducest afatching (Cohen’d = .12). The group
differences for the remaining variables were nt#céd by the matching procedure, as it was
not possible to control for grade point averageliigence in childhood, and years of
education in the propensity score matching proeaddowever, we controlled for these
variables in the regression analyses. In addiafter matching, the promoted students had
scored on average 23 1Q points more in the intatieg test at age 52 compared to the

retained students in Study 3 (Coheti’s 1.16).

Table 11

Descriptive Statistics for the Variables in the Kple Regression Analyses of Adult

Intelligence of the Promoted and Retained StudBatere and After Matching

Before Matching After Matching

Not retained Retained Effect size Not retained Retained Effect size
Unmatched Variables mean SD n mean SD n Cohen's d [ mean SD n mean SD n Cohen's d
Highest parental SES 413 131 327 356 9.2 41 0.45 36.8 11.0 162 356 9.2 41 0.12
Grade point average (0-60 points) 48.1 6.9 327 376 6.9 41 1.52 47.4 6.8 162 37.6 6.9 41 1.43
Childhood general intelligence 106.7 127 321 933 147 40 1.03 106.5 12.2 158 93.3 147 40 1.04
Years of education 6.6 34 327 31 2.2 41 1.04 6.2 34 162 3.1 2.2 41 0.96
Adult general intelligence 142.2 193 314 1179 21.4 38 1.25 141.2 19.8 153 1179 21.4 38 1.16

Note. SES = socioeconomic status

4.4.2 Effect of Grade Retention in Primary School w Educational Attainment

A multiple regression was conducted to examineeffext of grade retention in
primary school on educational attainment in terfgears of education. In addition, we
simultaneously controlled for intelligence in chnttbd, highest parental SES in childhood,

and grade point average of German, French, andemgaiics grades in primary school. For a
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better adjustment of the regression model, weialdaded the propensity score. A sample of
n = 472 constituted the basis for the multiple regian. All effects were estimated
simultaneously.

Grade retention in primary school had a signifiaaqgative effect on years of
educationB = -.94, Beta = -.12,= -2.65,p < .01). The unstandardiz&icoefficient of grade
retention shows that retained children left sctadwlost 1 year earlier than their promoted
peers. Crucially, the negative effect of gradentda is found even when the effects of the
three (probably) most important impact factors earg of education, namely intelligence in
childhood, highest parental SES, and grade poiertaaye, were controlled for. Table 12a
summarizes the results of the regression analyses squared product moment correlation of
grade retention with years of educatioh= .10) shows that 10% of the variance in years of
education can be explained by grade retention, wioéaccounting for the influence of the
other predictors in the study. Grade retention astouniquely for only 1% for the variance
in years of education as shown in the squared pential correlation coefficiens¢ = .01).
This equals an effect size of Cotféror partial coefficients of 0.014 (Jacob Cohealet
2003, p. 94), and thus slightly fails the convemtid a small effect. However, a significant
effect that explains 1% incremental variance oviima span of 40 years when so many very
important factors are controlled for is a meanihgdgult. Especially, since both childhood
intelligence §r* = .02) and parental SES in childhowt & .02) also explain only 2%
incremental variance in years of education. Thusjiicremental effect of grade retention on
years of education can compare to the effects itdtabod intelligence and parental SES in
childhood.

In addition, a significant amount of the variance/ears of education is explained in
the multiple regression analysi(§, 466) = 39.56p < .01,R? = .30,Readjusted= -29). AR

value of .30 is a large effedt & .43) according to Cohen’s convention of efféres (J.
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Cohen, 1988, 1992). Moreover, the analysis shoafsititelligence in childhood3(= .04,

Beta =.16f = 3.52,p < .01), grade point average € .12, Beta =.31, = 6.45,p < .01), and
highest parental SE® € .05, Beta =.1%,= 3.38,p < .01) all significantly predict years of
education. Grade point average is the most impbpiadictor and explains 23% of variance
in years of education (when not accounting fordtier predictors) as shown in the squared
correlation coefficientrf = .23). It also accounts uniquely for 6% as shawthe squared
semi-partial correlation coefficiersit = .06, Cohen’$? = .09), a small to medium effect.
Thus, even the unique effect of the most imponpaetlictor in the present regression analysis
can be considered rather small.

Importantly,R? of the regression analysis has a value of .30srather large. Thus,
approximately 30% of the variance in years of etlanas explained by the current
regression analysis. However, all squared semigbadrrelation coefficientssf?) and
squared partial correlation coefficientsFpare rather small. Especially the small squared
semi-partial correlations show that none of thduded variables explains a large unique part
of the total variance in years of education. Henoest of the explained variance in years of
education, as indicated in the larged®the regression analyses, is explained by twoare
of the included variables jointly. In conclusiomrental SES, grade point average,
intelligence in childhood, and grade retentionateery closely interrelated and related all

closely to years of education.

4.4.3 Effect of Grade Retention in Primary School w Adult Income

The effect of grade retention in primary schookbolult male income was examined
via a multiple regression. We simultaneously cdtgdofor intelligence in childhood, highest
parental SES in childhood, grade point averagdiiditood, years of education. For a better
adjustment of the regression model, we includegtbpensity score. A sample ofE 191
constituted the basis for the multiple regressidheffects were estimated simultaneously.
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We found that grade retention in primary school dadarginally significant negative
impact on adult male income at age B2=(-650.04, Beta = -.14,=-1.89,p < .10). The
unstandardize® coefficient of grade retention shows that retaickeittiren earned
approximately €650 less per month at age 52 thain phomoted peers, even when the effects
of intelligence in childhood, highest parental SB&J grade point average were controlled
for. Grade retention in primary school explains 1dP4ariance in income as shown by tfie
of grade retention in primary school (not accoumfor the effect of the other predictors). In
addition, 1% of the variance in income is uniquetylained by grade retention as indicated
by the squared semi-partial correlation coefficig .014). Moreover, grade retention in
primary school significantly impacts adult incomethe current multiple regression analysis,
while childhood intelligenceB = 16.53, Beta =.13,= 1.65, ns), grade point average(
29.90, Beta =.13,= 1.52, ns), and childhood parental SBS=(10.39, Beta =.03,= .72, ns)
do not have a significant impact on adult incomeicially, the most important predictor in
the regression analysis is years of educaon {46.96, Beta = .22,= 2.84,p < .01). Every
additional year in formal education after primachgol earns the participant about 150
additional Euros per month in the current regresaizalysis. However, even though years of
education explains 15% of variance in income asvshuyr? of years of education in the
regression analysis, years of education only enpla®o of the variance in income uniquely,
as indicated by the squared semi-partial correlataefficient. The squared semi-partial
correlation has an effect size of Cohefi's .04 and is by convention a small effect (Cohen,
1992; Cohen et al., 2003).

In addition, a significant amount of the varianceadult income is explained by the
five predictors (6, 184) = 9.66p < .01,R? = .24,Ragjusted= .22). Thus, 24% of the variance
in income can be explained by the five predictarthe current study. This is a large effect

with an effect size of Cohenfsof 0.32 (Cohen, 1992). Table 12b summarizes thelte
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However, even though a large part of the varianault male income in the current study
can be explained by the five predictors jointlynamf the predictors explains a large or
medium proportion of the variance in income uniguéhis is indicated by the very low
squared semi-correlations of all the predictorg@apresent multiple regression. Thus, similar
to the results for years of education, most ofgkgained variance in income is shared by
two or more of the predictors. This, in turn, peitd large interactions between the predictors

from late childhood into middle adulthood in theremt study.

4.4.4 Effect of Grade Retention in Primary School o Intelligence in Middle Adulthood

A multiple regression was conducted to examinertipact of grade retention in
primary school on intelligence in middle adulthoglden simultaneously controlling for
intelligence in childhood, highest parental SE$hildhood, grade point average in primary
school, and years of formal education. A sampl&83f participants constituted the basis for
the multiple regression analysis. All effects weséimated simultaneously.

Grade retention in primary school had a significagative effect on adult
intelligence at age 5B(= -6.78, Beta = -.12,= -2.04,p < .05) even after controlling for
probably the most important other impact factorsmelligence development over the
lifespan. The unstandardized regression coeffioégtade retention shows that students
retained in primary school scored approximatel®fpbints lower at age 52 than promoted
students. Thus, two students with comparable saoréstelligence at age 12, comparable
highest parental SES, comparable grade point aggliagprimary school, and comparable
years of education after primary school will stately differ by 7 I1Q points at age 52,
depending on whether they had been retained ovged® ago in primary school or not. In
addition, in the current regression analysis, gratiention in primary school is the third most
important predictor of intelligence at age 52 aiteelligence at age 12 and years of formal
education. However, even though grade retentigumimary school can explain 19 % of the
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variance in intelligence at age 52 € .19, when not accounting for the other preditaonly
1 % of the variance is explained uniquely by greetention ¢r* = .01) in the present
regression analysis. Table 12c summarizes thetsesul

Childhood intelligence at age 12 is by far the mipgiortant predictor of adult
intelligence at age 5B(= 0.88, Beta =.54,= 8.85,p < .01). Childhood intelligence accounts
for 48% of variance in adult intelligencé & .48) in the current regression analysis and 20%
is accounted for uniquelyi = .20) in the present regression analysis. Yebeslocation
after primary school also has a significant impacadult intelligence at age 5R € .98,

Beta =.15f = 2.47,p < .05). However, the unique variance share ircttierion is only 2 %
(s”” = .02). The influences of childhood parental SBES grade point average in primary
school did not reach significance in the curregtession analysis.

Moreover, it was found that a large significant amtoof the variance in intelligence
in middle adulthood is explained by the prediciarthe current studyH(6, 180) = 36.04p
<.01,R= .55,R2Ad,-usted= .53). The predictors in the current regressiual\sis explained
55% of the variance in adult intelligence at age®is is a very large effect (Cohelifs=
1.22). As described above, 20% of the explainethmeae is uniquely accounted for by
childhood intelligence in the present regressiaayais. Apart from this large unique share,
the remaining explained variance share is not lgr@ecounted for uniquely by any other
variable. This is indicated by the other predictoesy low squared semi-correlations. Thus,
similar to the results in the other multiple regiea analyses of the present study, half of the
explained variance in adult intelligence is shargdwo or more of the predictors. This may,
in turn, point to large interactions between thedictors from late childhood into middle

adulthood in the current study.
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Table 12

a) Regression Analysis Summary and Correlations ofidGbod Variables Predicting Years of Education

2

2
Sr

pr’

Predictor variable B 95% CI B t r r sr pr p
Parental socioeconomic status (ISEl range 16-90) 0.05 [0.02,0.08] 0.15 3.38 0.25 0.06 0.13 0.02 0.15 0.02 .001
Grade point average (0-60 points) 0.12 [0.08, 0.16] 0.31 6.45 0.48 0.23 0.25 0.06 0.29 0.08 .000
Intelligence age 12 (mean 100, SD 15) 0.04 [0.02, 0.06] 0.16 3.52 0.37 0.14 0.14 0.02 0.16 0.03 .000
Grade retention in primary school (0=no; 1=yes) -0.94 [-1.64,-0.24] -0.12 -2.65 -0.32 0.10 -0.10 0.01 -0.12 0.01 .008
Propensity score -1.98 [-4.53,0.57] -0.07 -153 -0.24 0.06 -0.06 0.00 -0.07 0.00 127

Note. B = .30 = 472,p < .01).CI = confidence interval foB. r = correlation of predictor with criteriosr = semi-partial correlation
coefficient.pr = partial correlation coefficient? = proportion of criterion variance accounted fgrmsedictor (Cohen et al., 2003, p. 8.
= unique variance of predictor on total criteriariance (Cohen et al., 2003, p. 84ff)> = unique variance of predictor on criterion vaden

not accounted for by other predictors (Cohen 2803, p. 85).

b) Regression Analysis Summary and Correlations oid@bod Variables Predicting Adulthood Income

Predictor variable B 95% CI B t r P sr s’ pr pr’ p
Parental socioeconomic status (ISEl range 16-90) 10.39 [-18.19, 38.98] 0.05 0.72 0.18 0.03 0.05 0.00 0.05 0.00 0.474
Grade point average (0-60 points) 29.90 [9.03, 68.82] 0.13 1.52 0.38 0.15 0.10 0.01 0.11 0.01 0.131
Intelligence age 12 (mean 100, SD 15) 16.53 [-3.29, 36.35] 0.13 1.65 0.33 0.11 0.11 0.01 0.12 0.01 0.102
Years of education 146.96 [44.95, 248.98] 0.22 2.84 0.39 0.15 0.18 0.03 0.21 0.04  0.005
Grade retention in primary school (0=no; 1=yes) -650.04  [-1329.53, 29.45] -0.14 -1.89 -0.34 0.11 -0.12 0.01 -0.14 0.02 0.061
Propensity score -428.61 [-2595.95, 1738.74] -0.03  -0.39 -0.18 0.03 -0.03 0.00 -0.03 0.00 0.697

Note.R? = .24 f= 191,p < .01).CI = confidence interval foB. r = correlation of predictor with criteriosr = semi-partial correlation
coefficient.pr = partial correlation coefficient? = proportion of criterion variance accounted fgredictor (Cohen et al., 2003, p. 8.
= unique variance of predictor on total criteriariance (Cohen et al., 2003, p. 84ff)> = unique variance of predictor on criterion vaden

not accounted for by other predictors (Cohen e2a03, p. 85).
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c) Regression Analysis Summary and Correlations ofdGbod Variables Predicting Adulthood Intelligence

Predictor variable B 95% CI B t r s sr s’ pr pr2
Parental socioeconomic status (ISEl range 16-90) 0.05 [-0.18,0.27] 0.02 0.41 0.09 0.01 0.02 0.00 0.03 0.00 .679
Grade point average (0-60 points) 0.22 [-0.16, 0.60] 0.08 1.15 0.52 0.27 0.06 0.00 0.09 0.01 .254
Intelligence age 12 (mean 100, SD 15) 0.88 [0.69, 1.08] 0.54 8.85 0.69 0.48 0.44 0.20 0.55 0.30 .000
Years of education 0.98 [0.20, 1.77] 0.15 2.47 0.46 0.21 0.12 0.02 0.18 0.03 .014
Grade retention in primary school (0=no; 1 =yes) -6.78 [-13.33,-0.23] -0.12 -2.04 -0.43 0.19 -0.10 0.01 -0.15 0.02 .042
Propensity score -6.20 [-32.21,19.81] -0.03 -0.47 -0.16 0.03 -0.02 0.00 -0.04 0.00 .639

Note R? = .55 f = 187,p < .01).CI = confidence interval foB. r = correlation of predictor with criteriosr = semi-partial correlation

coefficient.pr = partial correlation coefficient? = proportion of criterion variance accounted fgrmsedictor (Cohen et al., 2003, p. 8.

= unique variance of predictor on total criteriariance (Cohen et al., 2003, p. 84ff)> = unique variance of predictor on criterion vaden

not accounted for by other predictors (Cohen e2a03, p. 85).
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4.5 Discussion

According to data from the European Commissionrye&8 student in Luxembourg
repeats at least one year in primary school anslfidls behind his/her peers (European
Commission, 2011). In the household study dat®BBlevery sixth participant of the
MAGRIP study had fallen behind by the end of priynschool. Considering the retested
sample is slightly positively biased compared ® lthxembourgian population in 1968, it is
very reasonable to assume that the percentagaddrds affected by grade retention has
remained fairly stable since 1968. Grade reteris@ommonly applied, because the measure
is widely believed to have a positive impact ordstut’s academic career (European
Commission, 2011). Contrary to this belief, in therent study, grade retention in primary
school had a significant negative impact on aké¢hkey life outcomes, even over 40 years of
the lifespan and even when intelligence in childhapade point average in primary school,
parental SES, educational attainment, and 11 fudh&racteristics that are known to possibly
influence grade retention and educational outconere controlled for. On average,
participants who were retained in primary schotdraded one year less of formal education
than promoted participants, earned about €65(lesmonth at age 52, and scored about 7
IQ points lower in the intelligence test at age 52.

First, we performed propensity score matchingnd iomparable groups of retained
and not retained subsamples by controlling forctibbsl, child, and family characteristics.
Second, we performed a separate regression andysige three criterion variables:
educational attainment, adult male income, andtanliglligence, respectively. Educational
attainment in terms years of formal education, praslicted by childhood intelligence,
parental SES, grade point average, and grade imantprimary school. For the analyses on

adult income and adult intelligence, we added yeafermal education as an additional
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predictor. TheR® of each of the performed regression analyses arsy& formal education,
income, and adult intelligence was large, the teds in the current study explained 30%,
24%, and 55% of the criterion variance, respectivEhe examination of partial correlations
showed that most of the explained variance in thermon was shared by several predictors.
Hence, the unique contribution of each predictos vedher small (with the exception of
intelligence in childhood for the prediction ofafitgence in adulthood). Thus, most of the
variance in years of education, adult income, ahdtantelligence was jointly explained by
two or more of the included predictors. This magi¢ate reciprocal interactions between
parental SES, grade point average, childhood igégite, years of formal education, and
grade retention over the lifespan.

In the multiple regression analyses, grade reteratazounted for 10%, 11%, and 19%
of the variance in years of formal education, athdome, and adult intelligence,
respectively, when not accounting for the influentéhe other predictors in the regression.
In addition, grade retention in primary school wly accounted for 1% of the variance in
each criterion. The unique contribution of grademéon may not be very large, but the effect
of grade retention was significant for each ofcheerion variables and we simultaneously
controlled for other extremely important impactttas. Crucially, we found this effect 40
years after the retention decision had been takems, grade retention in primary school has
very robust long-term negative consequences orraeugoortant key life outcomes.

How can a single life-event such as grade retertave such a lasting impact that is
still detectable even over 40 years after the teterecision was made? The explanation
could lie within a chain of reactions, which takaqe after the retention decision is made. We
draw in lifespan developmental psychology (Bali€Xg7; Li & Baltes, 2006) to explain these
negative long-term consequences of grade retemtiprimary school. Children interact

reciprocally with their environment. It has beewwh that grade retention may lead to a
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more negative attitude towards school (Holmes &theaws, 1984) and lower academic self-
efficacy (Hughes et al., 2013). Thus, retained estislfavor school less, become more likely
to drop out of school (Jimerson, Anderson, et28lQ2; Jimerson, Ferguson, et al., 2002) and
in general leave school early. In the current stw/found exactly this pattern: grade
retention in primary school had a negative impackemgth of formal education. It was
predicted that retained students left school oz garlier than non-retained students, even
when we simultaneously controlled for childhoockligence, grade point average in primary
school, and parental SES.

Leaving school early with less academic qualifimasi is associated with taking on
occupations that are of a more physical naturdesgicognitively challenging. These
occupations are also usually less well paid. Thalte of Study 3 also confirm this
relationship. Grade retention in primary school haignificant negative impact on adult
income, while years of formal education had a $igamt positive impact on adult income.
Childhood intelligence, grade point average in jnynschool, and parental SES did not affect
adult income significantly in the regression analys Study 3. The fact that childhood
intelligence did not have a significant impact aluldhincome is probably grounded in what
Ceci and Williams (1997) describe as the indiréfetot of schooling on income: A higher
level of schooling is also an indicator of highevdls of intelligence. Thus, in the regression
analyses, length of education better predicts adattme than childhood intelligence, as it
may also be an indirect indicator of intelligeneedl. As a result, childhood intelligence has
no incremental share in the variance of adult ineamthe present regression anylsis. On the
contrary, it is remarkable that grade retentioprimary school had an incremental share in
the variance in adult income at age 52 above y&dagducation. This shows that grade
retention is not only an indicator of lower eduoatl attainment. Thus, other mechanisms

must also play a role; one possibility is that feriy retained students still have a lower level

166



Chapter 4 — Long-Term Consequences of Grade Retenti on Educational
Attainment, Adult Income, and Adult Intelligence

of self-efficacy, leading them to not ask for prdmans as often as their non-retained
colleagues.

Person-specific influences gain a larger impaatagnitive development after formal
education in school ends and individuals will depenore and more in the direction of their
self-perceived abilities and interests (Li & BaltB806). Retained students may often receive
feedback from their environment that training imgeal and cognitively challenging activities
are not what suits them well. Thus, they mightlmotis eager to attend additional job training
and strive for additional qualifications after faheducation. Also, in their free time, they
may become less likely to visit museums or engagsher cultural events. As described in
the previous paragraph, retained students mayhale less cognitively challenging jobs. All
these developments may impact on their intelligenae the lifespan. The results of our
current study reflect this explanation. Retainedishts had 7 predicted IQ points less at age
52 than their promoted peers. Interestingly, gradention in primary school had again a
significant incremental influence above childhoottiligence, years of formal education,
grade point average in primary school, and pare&$&S. The effect of grade retention in
primary school that is incremental and independétite other predictors in the study may
point to the impact of free time activities or opational complexity on cognitive
development over the lifespan.

In conclusion, the results of the current studygasg that the negative effects of grade
retention accumulate over the lifetime in a reagatananner, resulting in a detectable
negative effect even over 40 years after the retemtecision was made. In the present study,
we found a significant negative impact of gradem&bn in primary school on all three key
life outcomes: years of formal education, adulbme, and intelligence in middle adulthood.
This is especially dramatic, when we rememberdghade retention is actually supposed to be

a measure to support a child’s development andog®rformance.
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The present research findings suggest that alteenaieasures to grade retention
should be considered and these results are imiheconclusions drawn by the European
Commission (2011, p. 60)The existence of a culture of grade retention ésrrason why
the practice is used more often in certain coustrla these countries, the idea that repeating
a year is beneficial for pupils learning remainepalent]...] Changes in regulations on
grade retention are not enough to modify this lhglieshould be supplanted by an alternative
approach to managing children’s learning difficati The challenge lies more in questioning
certain assumptions and beliefs rather than regulathang€. The belief that grade
retention is beneficial has been sustained in Lubang until today. In our data collected in
1968, every sixth student was retained at least dacing his or her primary school career.
According to recent data by the European Commisseery fifth Luxembourgian student
continues to fall behind by the end of primary sah{&uropean Commission, 2011, p. 35).
This is the case, although grade retention is y e@stly measure, as 20% of all
Luxembourgian students stay in primary school oxee yonger resulting in increased costs
for teachers, facilities, and teaching materiate/iatives such as formative assessment
combined with short, intensive interventions orviidual lessons with support staff seem to
be very promising alternatives in some countriag@bean Commission, 2008). A number of
alternatives to grade retention exist and are suimaed for example, by Owings and Kaplan

(2001) or McDonald and Bean (1992).

4.6 Strength and Limitations

The dataset spans 40 years from late childhoodddlenadulthood and comprises
very many variables on achievement as well as dd,damily, school, and parental
characteristics. Nevertheless, it is neither fdasibr ethically acceptable to study the effects

of grade retention in an experimental design. Tioeee a possible selection bias for the
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retained student sample cannot be excluded. RetalnElren may have differed on variables
that affected years of formal education, adult mepand adult intelligence that could not be
controlled for in the current study. We tried tonimize this selection bias by applying
propensity score matching, given the data thatavagable from 1968. Unfortunately, the
data in 1968 was collected at the end of primahpsk; and thus only after most of the
children had already been retained. Therefore,audmot use variables such as childhood
intelligence, mathematics, German, or French grémlestimate the propensity score as we
expected an impact of grade retention on the vamyesvariables. However, the impact of
these variables on our criterion variables wasrotlet! for in the multiple regression
analyses. Further, we were able to control for itn@ortant child and family characteristics
that have been found to be correlated with gratmtien. These covariates on child, family,
and school characteristics that we included inptiogensity score analyses were collected
after the retention decision, but these charatiesiare supposedly unaffected by the
retention decision and at the same time very si@bue gender, parental SES). This strategy
has also been applied in other studies (Reynofii?)IWe were able to achieve a good
balance between the retained and promoted pamisi@eross the 11 covariates that had been
assessed. In addition, we included childhood iigestice, grade point average in primary
school, parental SES, and length of education @ariaes in the multiple regression analyses
where we investigated the effect of grade retertior three key life outcomes under study.
Thus, we combined two well established method®tirol for selection bias in grade
retention research.

Another limitation of Study 3 is that due to thelueed sample sizes after the
propensity score matching procedure, we were riettatapply latent models. Due to the low

sample size for some of the sub-samples, somesghtdels did not converge in MPlus. This
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precluded controlling for measurement error androtimg for measurement invariance of

the latent constructs between the groups.

4.7 Conclusion

We found that grade retention has negative long-&ffects on important key life outcomes,
namely educational attainment, income at age 52 adnlt intelligence at age 52. In the
current study, we were able to control for very snaariables that are associated with being
retained and that have been found to affect thdifeegutcomes under study. However, it is
neither feasible nor ethically acceptable to steffigcts of grade retention in an experimental
design. So we cannot rule out that the retainedesiis may differ on characteristics not
assessed in the current study that are relatdetexamined key life outcomes. However, the
negative effects of grade retention in primary stho the present study persisted even over
40 years after the retention decision had been ntaea pedagogical measure that is
supposed to help the student and is also relatesgbgnsive, these kinds of results could be
sufficient reason for contemplation and reconsitlenaSchool systems in many European
countries have renounced the application of gratention in recent years and promising
alternatives do exist (European Commission, 20I4ys, it is less a question of what can be
changed and how, but more a question of changmg@ensisting belief that grade retention is

beneficial, even though most of the existing redeéindings report the contrary.
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Chapter 5 - General Discussion

5.1 Summary of Main Outcomes

People differ greatly with respect to developiogmitive abilities and the European
Commission has identified reducing these ineqeasliis one of the major challenges in order
to face demographic change in most European cesneuropean Commission, 2014). The
present dissertation directly corresponds to thik The aim of the present Ph.D. thesis was
to provide a better understanding of the develogrokimtelligence as well as the long-term
impact of educational attainment on cognitive éib#i. This knowledge may enable future
research and practice to reduce the existing ingigsan cognitive aging. The present
dissertation is based on the longitudinal MAGRIldgtwith first data collection in 1968 and
a follow-up from November 2008 to August 2009 & tmniversity of Luxembourg. The main
outcomes as well as the theoretical and practicplications of our findings are described in

the following.

5.1.1 Study 1: Development of Intelligence

The first study described in Chapter 2 tackledghestion of how intelligence
developed over a 40-year time span from age 18edba. In more detail, we examined two
key aspects: (a) stability and change in the sireabf intelligence with reference to the age
differentiation-dedifferentiation hypothesis andl differential stabilities from late childhood
(age 12) into middle adulthood (age 52). To thigd,eve drew on two different
conceptualizations of intelligence, the extended38fModel of intelligence (Cattell, 1987; J.
L. Horn & Noll, 1997), which focuses on broad aimi$ and the three-stratum model (Carroll,

1993), which incorporates a general intelligen@tdieg. By examining development in both
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models, we were able to separate change thatriedshg all broad abilities (change
attributable tag) from change specific to a certain broad abildlyange independent gf.

Age Differentiation-Dedifferentiation Hypothesis. Stability and change in the
structure of intelligence is captured by the adkeintiation-dedifferentiation hypothesis. It
is postulated that the structure of intelligendéedentiates during childhood until late
adolescence, stays fairly stable during adulthaod,dedifferentiates again in old age.
However, the results of Study 1 do not fit welloithe pattern expected by this theory, as we
found age dedifferentiation instead of differentiatfrom age 12 to age 52. In more detalil, in
the extended Gf-Gc model, we saw a large increatieei covariances between all broad
abilities, but no increase in the variance of abldal abilities. Gc and Gs showed a
substantially increased variance, Gv had a muchlemiacrease in variance and the variance
of Gf did not change significantly. When we exanditiee same findings in the three-stratum
model, we found that the increases in covarianondglze variances of the broad abilities
(except Gc) could be accounted for by variancesiaees irg. Gc was an exception,
additionally demonstrating a large increase invidwéance that was specific to Gc, even after
the influence ofj was taken into account. This points to the conatuthat changes in Gc’s
variance are influenced by a source other than @rityr example environmental influences.
Crucially, the two pure markers of fluid (Gf) and/stallized (Gc) abilities exhibited
complementary patterns. This was especially vigibl&e three-stratum model, because the
variance specific to Gc increased significantlyevdas the variance specific to Gf decreased
to zero and hence became indistinguishable fy@hage 52.

Differential Stabilities. Our results showed that persons’ rank orderingsactione
concerning (a) their broad abilities in the extah@#-Gc model as well as (b) their specific
abilities and in the three-stratum model remained largely sthbi® age 12 to age 52. This

means that in the current study, individuals kbptrtrelative standing with reference to the
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population in all broad abilities, all specific kfiés, andg, across a time span of 40 years.
Thus, in line with previous research (Conley, 198dary et al., 2000, 2004), we found that
the various aspects of intelligence anare highly differentially stable constructs.
Importantly, the results obtained for the threatstm model also show that when individual
differences irg are held constant, specific strengths and weaka@s$ke cognitive profile
(as reflected by the specific abilities) are algghly stable. Thus, it may not only be the level
of an ability profile (as indicated by g; LubinsRiQ04) that remains stable across time, but
also the pattern of the cognitive profile with regjgo an individual’s configuration of specific
abilities.

Combined Effect of Age Differentiation-Dedifferentiation and Differential
Stabilities. The results of the extended Cattell-Horn Gf-Gc etaddicate that people differ
more greatly as they grow older (shown in increasathnces). In this respect, the only
exception is Gf. This finding can be well explairi®dthe predictions of lifespan cognitive
psychology that crystallized abilities are moresgly affected by person-specific
environmental influences than fluid abilities. Thpeople may differ more greatly in
crystallized abilities as life unfolds, while thanability in fluid abilities may not change as
much. However, we also found that all constructsasd high differential stability (i.e. rank
order). Thus, individuals keep their relative siagdn the population. The findings of the
increased variance combined with the constant oadé&r indicates that initial differences
between people on Gc, Gs, and Gv become greategraater as people grow older. Hence,
the gap between the two ends of the ability digtrdm widens across the lifespan. This effect
(in combination with the observed increases imtateeans and means of the manifest subtest
scores) can be described in the words of Ceci aperierno (2005, p. 1) aghé ‘have-nots’

gain but the ‘haves’ gain even mbrén the three-stratum model, we also saw this gap
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widening effect ing. Thus, initial differences ig become amplified and increasingly

important as life unfolds.

5.1.2 Study 2: The Impact of Educational Attainment

The aim of Study 2, described in Chapter 3, wasxamine whether educational
attainment in terms of quantity (i.e. years of fatraducation) and quality (i.e. type of school
track) affects the development of cognitive alaBtover the lifespan. As fluid (Gf) and
crystallized (Gc) cognitive abilities are predictedbe differently affected by biological and
environmental influences (Li & Baltes, 2006), weapxned the impact of formal education
separately for Gf and two separate aspects of &uogety word knowledge (WK, verbal
measure) and knowledge of the world (KW, factualwiledge measure; Schipolowski et al.,
2014). This also allowed us to test central assiomptmade by Cattell’s investment theory
(Cattell, 1971, 1987). In addition, a crucial agpEcStudy 2 is that we were able to control
for childhood cognitive ability and that we exandrtbe long-term impact of formal
education after participants had left formal edwcabver 30 years previously. To our
knowledge, no other study has examined the lomg-tepacts of formal education on
cognitive abilities over such a long time period.

Main Effect of Quantity of Formal Education on Cogntive Abilities. Years of
formal education had a small effect on Gf at agéd2hot on Gc (i.e. word knowledge) at
age 52 for the entire sample. Thus, length of fbedacation had a positive effect on fluid
abilities but not on crystallized abilities for teatire sample. A different pattern was found
for the other facet of Gc in the present study,videdge of the world: Years of formal
education had a very large effect on KW at agen3Re entire sample. Thus, the two facets of
crystallized ability in the present study relatéffiedently to formal education. This may
provide further evidence that verbal ability andtfeal knowledge are two distinct aspects of

Gc that can be empirically distinguished (Schipakwvet al., 2014). However, we could not
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control for autoregressive effects over time for Kiich hinders a clear attribution of the
different pattern of effects

Main Effect of Quality of Formal Education. In the current study, we did not find a
significant main effect of quality of formal eduat as assessed by school track. This is in
contrast to previous research findings (see Beekal., 2012; Husén & Tuijnman, 1991;
Shavit & Featherman, 1988). The results of theenirstudy pointed into the direction of a
more positive effect on cognitive abilities for theademic track compared to the non-
academic track. But the difference between the&kgrdad not reach significance. Several
explanations are possible for this effect. Onéad & main effect of school track existed in the
current study, but the sample size was too smadilh¢ba significant effect. However, in
addition to the non-significant difference betwdlea latent means between tracks, we also
saw in the manifest variables that the differelne®veerthe tracks did not increase with
increasing age in terms of effect size. Thus eliengh the academic track students gained
more on Gf and WK over time, the difference betwgerups remained stable in terms of
effect size as the overall variance increased. ,Tinaybe the lack of a main effect of quality
of education is not only a statistical power probldhe lack of a main effect of school track
may also indicate that formal education in the tracks was tailored to the academic and
cognitive needs of the attending students. Thwsottld not be possible to say that the
academic track is better for everyone in generglniore a function of fit between student’s
abilities and school track. In addition, the costri@ other findings may be grounded in a
number of methodological differences between thdiss, for example country specific
school systems, length of education, or quantityobiooling in different tracks (i.e. number
of hours per day and years of schooling per track).

Interaction Between Quantity and Quality of Formal Education. In the current

Ph.D. thesis, we found an interaction between gyeemd quality of formal education for
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WK and Gf at age 52. Years of formal education dathnificant positive effect on WKand
Gfs; for the non-academic track students, but notHeracademic track students. The effect
was of small to medium effect size for \B4kand Gé,, even after the participants had left
formal education over 30 years previously. On theti@ary, we did not find an interaction
between quantity and quality of formal educationKdV at age 52. Years of formal
education had a large impact on KW at age 52 irettiee sample, as well as in the non-
academic and the academic track. However, KW wsessasd at age 52 only. Thus, the
difference between WK and KW may be grounded indifferent nature of the two abilities
or the lack of the longitudinal control.

Cattell's Investment Theory. Cattell's investment theory (1987) postulates thad
abilities are invested into the acquisition of tajlized abilities by taking advantage of
environmental learning opportunities such as foreakication. Such an effect could be shown
in (@) an indirect effect of Gf on WKs, and KW, respectively, over years of formal
education and (b) a direct effect ofi&dn WKs, and KW, respectively. The direct effect
may map other learning opportunities than formailcadion. For word knowledge as
dependent variable at age 52, we did not find divect effect, but we found direct effect of
Gf12 on WKs,. Thus, it is possible that childhood abilitiesGhwere invested in the
acquisition of WK;, but the learning opportunities were not providgdormal education.
This explanation may be feasible in the case ofivkmowledge, as this ability can be trained
whenever a person is faced with verbal materialisTthe learning opportunities provided by
formal education may only play a minor role in #oguisition of WK especially after formal
education. For knowledge of the world as a dependsmable at age 52, we found an indirect
effect for both Gf, and WK, on KWs, through years of formal education. However, nedir
effect of Gf, on KWs, was found. Thus, in terms of Cattell’s investntbrbry, it is feasible

to assume that both Gfand WK, were invested in the acquisition of knowledgehaf world
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at age 52 by taking advantage of learning opparasprovided by formal education. In
addition, opposing propositions by Cattell’s inveent theory (Cattell, 1971, 1987), we also
found an indirect effect of WK at age 12 on Gf g¢ &2 via years of formal education. This
may indicate that WK, a crystallized ability, wasested in the acquisition of Gf via formal

education.

5.1.3 Study 3: The Impact of Grade Retention in Pmary School

Study 3 tackled the question whether grade retemti primary school affects
educational attainment, adult income, and aduftligence. Grade retention is a very
frequently applied pedagogical measure in Luxemgporour sample from 1968, every sixth
students was retained at least once in primaryachAocording to more recent data from the
European Commission every fifth student continedse retained in primary school in
Luxembourg today (European Commission, 2011).

The methods applied in Study 3 varied from Study t&vo ways: (a) the applied
intelligence model and (b) the statistical approdttis was done for the following reasons.
(a) In Study 2, we examined the impact of formaleadion on fluid and crystallized abilities
separately as we wanted to test several hypothiesepredicted a different pattern of
development for fluid and crystallized abilitiesafell, 1987; Li & Baltes, 2006),
remembering, that two-component theories of irgetice are frequently applied in
developmental psychology (Lindenberger, 2001). Herein the study on grade retention
(i.e. Study 3), previous research has made nandigin in between fluid and crystallized
abilities. Thus, no hypotheses existed that predietdifferential pattern of the impact of
grade retention on fluid and crystallized abiliti@aerefore, we chose to measure intelligence
in terms ofg. This is also in accordance with the traditiorotifer applications af theories,
whereg is applied to relate intelligence to other measfekerman & Lohman, 2003), as

was done in Study 3.
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(b) The statistical data analyses approach fadys2uand Study 3 was chosen to best
address the research question under study anddr@sol for the most critical confounding
factors. In Study 2, we applied latent multi groaapdels to study the effect of formal
education on the development of Gc and Gf acrossggontrolling for childhood Gc and
Gf. Thus, we were able to compare latent construdiere we could control for measurement
error. In addition, we were able to establish sogtaup invariance between the non-academic
and the academic group to ensure that the measaotenoelel of the two groups did not
differ. We also controlled for the most importamipact factor on adult intelligence, which is
childhood intelligence (Deary et al., 2000). In gida, we simultaneously researched the
influence of the probably second most importantantgactor on adult intelligence, formal
education. In Study 3, we applied a propensityescooatching procedure and multiple
regression models to study the effect of gradentietie on years of education, adult income,
and adult intelligence. Propensity score matchsngpplied, to address the problem of not
being able to apply randomization in the studyglesihus, the selection into the retained
and the promoted group may be biased by otherbtas&nown to influence the retention
decision as well as the dependent variable unddystn the case of grade retention and the
dependent variables under study in Study 3 ampgkeareh exists that has identified such
confounding variables. Thus, controlling for thesafounding variables such as parental
SES, grades, childhood intelligence, years of etitutaas well as other child, family, and
school characteristics, was the main priority indyt3. However, applying propensity score
matching has the downside that it reduces the sasipt. Therefore, due to the low sample
sizes in Study 3, we were not able to apply lateodlels and control for measurement error.
In addition, we could also not control for measueeftrinvariance between the groups, which
we would have done in an ideal world. On the cogtria Study 2, we would have ideally

applied propensity score matching to control farfoanding variables on the tracking
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decision that also affect cognitive abilities. Howe the sample sizes were already rather
small for the applied latent models. Thus, botBtady 2 and Study 3, we could have
controlled for a number of additional influences the accompanying disadvantages seemed
larger compared to the benefits for the researestipn under study. Hence we chose the
statistical approach that controlled best for tlestmmportant confounding factors for the
research question under study.

The Impact of Grade Retention.Grade retention is applied because it is beligged
be beneficial to the student’'s academic career.d¥ew contrary to this believe, grade
retention in primary school had a significant negaimpact on all three key life outcomes in
the current study, even over 40 years of theilifetand even when intelligence in childhood,
grade point average, parental SES, educationahisgat, and 11 further characteristics that
are known to possibly influence educational outcemre controlled for. On average, children
that were retained in primary school attended @ less of formal education than promoted
children, earned about 650€ less per month at 2garsl scored approximately 7 1Q points
lower on the intelligence test at age 52. The mmmemental share of criterion variance of
grade retention in the regression model was (1) @D#be variance in educational attainment,
(2) 11% in the variance of male income at age $2(8nh19% of the variance in intelligence
at age 52. The incremental significant contribuid grade retention in the applied
regression models was 1% for each of the criteraotables under study. Thus, the
incremental share might not be large, but stillnesgive when we consider that the retention
decision took place over 40 years ago and we samedtusly controlled for many of the
probably most important other predictors of théecion under study. Moreover, the
examination of partial correlations showed that nodshe explained variance in the criterion
was shared by several predictors. Hence, the umignigibution of each predictor was rather

small (with the exception of the intelligence inldhood, intelligence in adulthood
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prediction). Thus, most of the variance in yearsdication, adult income, and adult
intelligence was jointly explained by two or morfettre included predictors. This indicates
strong interactions among parental SES, grade pwgrage, childhood intelligence, years of
education, and grade retention over the life tilnalso showed that the incremental share of
grade retention in the current regression analysasscomparable to the other important

predictors in the regression.

5.2 Theoretical Implications

The empirical results of each of the studies ingiesent dissertation suggest a
number of theoretical and practical implicatiomsthe following, we will first discuss the
theoretical implications for the underlying theacat frameworks of the current Ph.D. thesis.
The next section will then focus on practical isptions and deductions of the results of the

present dissertation.

5.2.1 Lifespan Developmental Psychology sensu LicGBaltes

In the current dissertation, we drew on a numbehebretical assumptions by
Lifespan Developmental Psychology (Baltes, 198d)ifmspan Cognitive Psychology sensu
Li and Baltes (2006). First, lifespan cognitive gisglogy distinguishes between fluid and
crystallized abilities. While crystallized abilifere more sensitive to environmental
influences, fluid abilities are more affected bglbgical processes. Thus, as life unfolds and
person-specific environmental influences accumulats postulated that people will become
increasingly different with regard to crystallizledt not so much with regard to fluid abilities.
The results of the current dissertation can masihfirm these postulations. In Study 1, we
did find a different pattern of development for marystallized and more fluid abilities. The
variance in crystallized abilities increased froge 42 to age 52, while the variance of fluid

abilities stayed largely stable across age. Thipawas found for broad abilities as well as
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for specific abilities ang. Thus, as life unfolds and environmental perscecsie influences
accumulate, people become more different with gkgacrystallized but not so much with
regard to fluid abilities. It would be possibledonclude from this finding that crystallized
abilities are more sensitive to environmental ieflaes than fluid abilities and that the
plasticity of fluid abilities to environmental infénces is rather limited. However, in Study 2
we even found that length of formal education héarger impact on fluid than on
crystallized abilities. This effect was especigdhpnounced for the non-academic track
participants. These findings are contrary to theppsition that fluid abilities may be less
sensitive to environmental influences (Li & Balt@806). The results of Study 2 show that
the plasticity of fluid abilities to environmentalfluences such as formal education may be
largely underestimated in the current literatut@sTknowledge is important as it enables
many possibilities to support and maintain cogeifiunctioning in terms of crystallizexhd
fluid abilities into old age for a society thatagnstantly growing older.

Taken together, the results of the current dissentainderline the proposition by
lifespan developmental psychology that crystalliaed fluid abilities are distinct abilities and
that people grow more apart on crystallized thafiwd abilities as life unfolds and person-
specific influences accumulate. Until now, littteekinown about the relative plasticity across
different aspects of cognition (Li & Baltes, 200Bpwever, the results of the present
dissertation show that crystallized abilities maynhore sensitive to the environment, but the
plasticity of fluid abilities to environmental infénces must not be underestimated. In the
current dissertation, we found that formal educatiad a significant and very persistent
impact on fluid abilities from childhood into middadulthood.

The second theoretical proposition that we testasl thve age differentiation-
dedifferentiation hypothesis (Baltes et al., 1980)he stability and structure of intelligence

over the lifespan. The age differentiation-deddferation hypothesis proposes three stages.
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The first stage of differentiation occurs duringtoration, when different broad abilities are
proposed to become increasingly independent of et with increasing age (Deary et al.,
1996). This effect is statistically representedaljecline in intercorrelations among broad
abilities in the extended Gf-Gc model (Deary et2004) or a progressively decreasing role
of the influence of in the three-stratum model (Escorial et al., 2008 following period

of adulthood is described as a stage of stabilityhé structure of intelligence (Baltes et al.,
1980). Thus, statistically no changes in the magiaitof intercorrelations among broad ability
factors or the influence @fwould be expected. The third stage of dediffeediutn is
characterized by again increasing dependencies@uaifiarent broad abilities as people
reach old age (Baltes et al., 1980). This effestasistically represented by increases in
intercorrelations among broad abilities in the egtd Gf-Gc model (Deary et al., 2004) or an
increasing influence d in the three-stratum model (Escorial et al., 2003)

While we observed that the participants grew imsiregly different in terms of almost
all their cognitive abilities (except Gf) from a2 to age 52 in the current study, all cognitive
abilities under study dedifferentiated at the séime. Thus, we saw that covariances (and
intercorrelations) among all broad abilities incead in the extended Gf-Gc model and we
also found that these increases could be expldipgdn the three-stratum model. Such a
pattern describes age dedifferentiation and indg#tat the different cognitive abilities
become more and more similar. However, accordirtgegdiypothesis age dedifferentiation is
not supposed to occur before old age. Thus, outtsedo not fit well with the assumptions
described above.

The theoretical assumptions of the age dediffeatanh-dedifferentiation hypothesis
are intuitively very comprehensible. However, thaistical interpretation may have been too
simplistic to clearly and unambiguously prove tlostplations made by the hypothesis.

Increasing correlations among different broad aédimay indicate changes in the construct
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in the Gf-Gc model of intelligence. However, coatedns are a product of two parameters,
covariances and variances. Thus, an increasedrcortelations among factors can be caused
by (a) an increase in the covariances given thanees stay stable, (b) a decrease in the
variances given the covariances stay stable, a ([@rease in both but so that the
covariances increase proportionally more than #dremces, (d) a decrease in both so that the
variances decrease proportionally more than thenegs. Importantly, each of the above
described mechanisms may point to a different ewgtian of why the intercorrelations

among different intelligence factors increasegh&current study, we found mechanism “c”,
both covariances and variances increased. Howaleost all the increases in the variances
of the broad abilities under study were sharedamydr more broad abilities. Thus, almost the
entire increase in variances was also an incr@aseviariances. This was also shown in the
three-stratum model as the increase in varianbeaad abilities could almost completely be
explained byg alone (except for Gc). Thus, the smarter partitigdbecame smarter all

broad abilities, while the not so smart particigatitl also become smarter ahbroad

abilities but much less compared to the smart. ke effect that we saw for the gap
widening effect described by Ceci and Papierno %2@8 The ‘have-nots’ gain but the

‘haves’ gain even more'Hence, the dedifferentiation among differentdastof intelligence

in the present study cannot be clearly attribute@l thange in factor structure, but is much
more a result of the gap widening effect in theusagon.

Several other explanations not related to a chantiee construct may also account
for higher correlations among broad abilities. Eeample, intelligence and educational
attainment are two constructs that are highly eelaBome studies report correlation
coefficients as high as .81 (Deary, Strand, SnéitRernandes, 2007). However, most
scholars in the field would not go as far as taassthat intelligence and educational

achievement are the same construct. Most researaluend probably state that the two
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constructs capture different aspects of two ththgs are admittedly closely related to each
other. As described in more detail in Study 2 &f ¢hrrent dissertation, education and
intelligence may be reciprocally related to eadteobver the lifespan (Li & Baltes, 2006). A
reciprocal relationship over time will most probahklso result in higher variances and
covariances on the reciprocally related constrastseople age. But this does not imply that
the two constructs become the same.

A second example from Study 1: in the three-stratumdel we saw that both
individual differences iig and the specific abilities were highly stable asrage. Thus, it
may not only be the level of an ability profile (asgicated byg) that remains stable across
time, but also the pattern of the cognitive profigh regard to an individual’'s configuration
of specific abilities (Lubinski, 2004). Hence, wansthat specific profiles or talents are stable
characteristics across the lifespan. These tatem®ven be seen in small children; some
learn to talk more quickly while others love topiazzles. Thus, when the factor structure
would collapse in old age, these different profdéspecific abilities would also collapse in
old age, which is not so intuitively conceivablestead it is much more feasible that only the
level of the profile as indicated lgymay drop in old age, which, in turn, would affect
performance in all the specific abilities. Howewe particular strengths and weaknesses of
each person would persist, just on a lower geneval. Yet, as all specific abilities are
affected by the decreasegndifferences between different specific abilitoesild become
smaller and this could make it harder to identify stable patterns of specific abilities even
though the factor structure would theoreticallysp&rinto old age.

Taken together, the results of the current dissent@annot support the age-
differentiation-dedifferentiation hypothesis, as foand statistical dedifferentiation from late
childhood to middle adulthood. A possible alteratinterpretation may be to assume stable

ability profiles over the lifespan with a changimfjuence ofg as an indicator of the level of
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the ability profile, instead of changes in the éacdtructure of intelligence. This interpretation
would also be supported by the high differentiabgities of all broad abilities, all specific
abilities, andy. In addition, the increased intercorrelation amdiffgrent broad abilities

found in the current study could also be well exyd by reciprocal relationships over the
lifespan. In addition, investment theory providestaer possible mechanism of how
intercorrelations of different broad abilities irase across the lifespan and will be described

in the next section.

5.2.2 Investment Theory

Investment theory (Cattell, 1967, 1971, 1987) pegsathat fluid abilities are invested
in the acquisition of crystallized abilities by ba§g advantage of environmental learning
opportunities. Kvist and Gustafsson (2008) havéh&rrargued that if this proposition holds
true, Gf andy should be the same entity, because Gf is postltatbe involved in all kinds
of learning (see also Kan et al., 2011). The assiompy Kvist and Gustafsson (2008) is
supported by the present study’s finding that Gfamee indistinguishable frognat age 52. In
addition, if Gf really is involved in all kinds ¢éarning, this will also result in an increased
interrelation between Gf and other broad abiliisgeople age. In turn, as increases in all
broad abilities have Gf's involvement in commore thterrelations among all broad
cognitive abilities should also rise. These mectrasidescribed by investment theory
(Cattell, 1971, 1987) can also explain the shamerease in both variances and covariances of
broad abilities that can be attributed to increasgsvariance in Study 1 of the current
dissertation. Thus, investment theory may providexplanation of the dedifferentiation
among cognitive ability constructs across age apaomed by widening gaps in the cognitive
ability distribution in the population.

Contrary to the above described mechanisms of imezd theory that can explain

dedifferentiation among abilities, investment thyeloas been drawn on in previous research to
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explain age differentiation of ability constructtker-Drob, 2009; Tucker-Drob &
Salthouse, 2008). The reason for doing so wadrtliastment theory proposes that different
people’s environments become increasingly hetermgemnas life unfolds. Crystallized
abilities are more sensitive to the environmenntthad abilities. Therefore, crystallized
abilities may be more affected by the environmert thus crystallized and fluid abilities
were proposed to grow increasingly apart as lifields. However, as described in the
previous section, this line of reasoning explaiesihcrease in inter-individual variability (i.e.
variance) in crystallized ability well. Yet, it maxplain whypeoplebecome more different, it
does not necessarily explain, why thelligence constructshould become increasingly
different as life unfolds. On the contrary, if fluability is involved in all kinds of learning as
interpreted by Kvist and Gustafson (2008), the ma@ms of investment theory would lead
to an increase in interrelation among differentorabilities as described above. Thus, it
would be the people that differ more greatly withreasing age, but not necessarily the factor
structure. This is in line with what we found iru8y 1 of the current dissertation. Thus, the
proposition that investment theory explains agéedehtiation (Tucker-Drob, 2009) cannot be
supported by the pattern of results found in theezu dissertation.

In Study 2 of the current dissertation, we weredblexamine whether fluid abilities
were invested in the acquisition of crystallizediabs by taking advantage of learning
opportunities provided by formal education. Intéregy, we found a different pattern of
results for the two crystallized dependent abgitimder study, namely word knowledge and
knowledge of the world. We found that fluid reasanin childhood influenced word
knowledge in adulthood. However, we did not finddewnce that learning opportunities
provided by formal education played a role in fvigcess. Thus, fluid reasoning may have
been invested in the acquisition of word knowlelgeaking advantage of learning

opportunities other than formal education. This rhayery feasible as word knowledge is
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likely trained in everyday life, when opening theppr, switching on the television, or reading
on the Internet. In addition, the participantsha turrent study had left formal education 30
years before word knowledge ability was reassesbad,the influence of formal education
on word knowledge may have been overlaid by otbemiing opportunities since participants
left school. A different pattern of results wasridufor knowledge of the world. We found
that fluid reasoning was invested in the acquisitbknowledge of the world during learning
opportunities provided by formal education. Howewher learning opportunities may have
not played a significant role as we did not findirect effect of Gf in childhood on
knowledge of the world in adulthood. Thus, as pegabby investment theory, we did find
that fluid reasoning was involved in the acquisited word knowledge and knowledge of the
world. However, learning opportunities providedfbgmal education only played a role for
knowledge of the world, but not so much for wore¥edge. Two explanations may account
for this finding: (a) a more methodological explaoa as we could not control for childhood
knowledge of the world in the current study, whiclght have led to an overestimation of the
effect of formal education. (b) Word knowledge am@e verbal measure and knowledge of
the world as factual knowledge measure may berdiftéy affected by formal education and
learning opportunities outside of formal educati®milarly, Schipolowski and colleagues
(2014) have found that verbal ability and factuabwledge are distinct abilities that may
capture two different aspects of crystallized &ili

In addition, contrary to the predictions made tyeistment theory, we also found that
word knowledge in childhood was invested in theugsitjon of knowledge of the world and
fluid reasoning in adulthood by taking advantag&eafning opportunities provided by formal
education. This finding was especially interestisgve did not expect that word knowledge
had any task-relevance for the measure of fluidaeilg. A possible explanation of this

finding could be that the broad ability word knodde is to some degree affectedghyas
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shown in the three-stratum model in Study 1. Thuuld be theg component in word
knowledge that is invested in the acquisition af\wledge of the world and fluid reasoning
during formal education. However, as we did confiwolthe investment of childhood fluid
reasoning that is very closely relatedytm the current study (see results of Study 1), the
investment of word knowledge into knowledge of Wald and fluid reasoning may excegd
component in word knowledge. In any case, thesédnamesms show that fluid and

crystallized abilities as well as formal educatswe reciprocally related to each other over the
lifespan, which, in turn, most probably leads tditferentiation of different broad ability
constructs or respectively a more pronounced inflteeofg. Importantly, the investment of
crystallized abilities, especially in fluid abigs, has seldom been studied in previous research
and may be largely underestimated.

To summarize, the predictions of investment theboay fluid abilities are invested in
the acquisition of crystallized abilities are sugpd by the data in the present study.
Depending on the crystallized ability under stuthg, investment of fluid ability into
crystallized ability took place during formal edtioa or outside of formal education.
However, the effects were not of large effect sizd partially only marginally significant.

One explanation could be that the time intervahefcurrent study may be too long to test the
postulations of investment theory in detail. Invesit theory describes the process of how
fluid abilities affect the acquisition of crystaiéid abilities. Thus, more points of measurement
with shorter intervals would be necessary to testassumptions of investment theory in more
detail and in order to find larger effect sizestha present study, we had a time interval of 40
years between measurements and despite this loegriterval, we still found effects to
support the postulations made by investment théorgddition, the results of the present
dissertation indicate that the investment of ciligtd abilities into fluid abilities may

deserve more attention than it has received ipése
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5.2.3 “The ‘have-nots’ gain but the ‘haves’ gain even morer the Matthew Effect

The term “Matthew effect” is used to describe cumted advantages as people grow
older such as the sociological phenomenon whefritteget richer and the poor get poorer”.
In fact, these mechanisms are not new and seewntto m many different life domains as life
unfolds. Ceci and Papierno (2005) have calledghenomenon,the ‘have-nots’ gain but the
‘haves’ gain even moteln Study 1 of the current dissertation, we foumactly these effects
in cognitive abilities from late childhood to miédhdulthood. The effect is shown by the
stable differential stabilities in combination wite increases in variance in almost all broad
abilities (except Gf) in the extended Gf-Gc modeieell as almost all specific abilities
(except Gf) andj in the three-stratum model. Thus, initial diffeces in cognitive abilities in
childhood became amplified in middle adulthood arejualities in cognitive abilities
become more and more apparent as life unfolds. &etPapierno (2005) have pointed out
that intervention programs will lead to gap wideneffects, when they are made available for
the entire population. The ‘*haves’ and ‘have-netd unequally profit from the intervention
with a more positive effect for the ‘haves’. Thiigs probably best to install intervention
programs as early as possible in life to minimiz@easing inequalities in cognitive abilities.
Small improvements in childhood may amplify anduies large improvements in
adulthood. Thus, in order to tackle the challengfegbe demographic change in Europe, it is
of crucial importance to start as early in lifepassible. As pointed out by the European
Commission (2014), reducing inequalities in cogeitiunctioning will be a major challenge
for the future. The European population is growatder than ever before and healthy
cognitive aging is not only important for well-bgim old age, but also for the increasingly
aging work force in Europe. Formal education incsthmay be a promising instrument to
close some of the gaps in cognitive abilities. Falreducation in school affects virtually all

children in a certain country at a time in life whenvironmental interventions are still most
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effective (Li & Baltes, 2006). However, as pointaa before, a treatment that affects all the
population will lead to gap widening effects be@iiwill foster accumulating advantages in
the population. Thus, if formal education affeaguitive abilities, attention has to be paid on
how formal education is designed so that it witleed reduce the gaps instead of widening
them even more.

Study 2 of the current dissertation examined tiygaict of quantity (in terms of years
of schooling) and quality (in terms of school traokformal education on the development of
cognitive abilities over the lifespan. We foundttB@ years after the participants had left
formal education, years of formal education was @isitively and significantly related to the
cognitive abilities of the students that had viditee non-academic track. However, no effect
of formal education was found on the cognitiveitibg of students that had visited the
academic track. This finding may be explained span developmental psychology in
combination with cumulating advantages. Lifespavettgomental psychology proposes that
person-specific professional influences gain inontgnce after individuals leave formal
education. Thus, after formal education people libgvim the direction of their interests and
professions. The students in the academic tratkdbibol with a school degree that opened
the door to cognitively challenging occupationsu3for these people, many advantages
accumulated over the lifetime and led to a protessiand leisure environment that may have
kept them cognitively very challenged. Therefohe, influence of formal education may be
overlaid or compensated by other cognitively chragleg environmental person-specific
influences in the 30 years after the participahth® academic track had left school. On the
contrary, the later professional and leisure emvitent of individuals in the non-academic
track may have been less cognitively challengirge Students in the non-academic track may
have taken on occupations of a more physical asgldegnitively challenging nature. Thus,

in the non-academic track group, the influenceoofnial education may not be overlaid or
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compensated by environmental person-specific inflae as these person-specific influences
may have not been as cognitively challenging am&education. Another aspect of why the
effects of formal education may be so pronouncedi® non-academic track is that if an
upward spiral of cumulating advantages exists, ey likely that a downward spiral of
cumulating disadvantages may also exists. Thugh&former participants in the non-
academic track, formal education may have workednag these cumulating disadvantages.
Crucially, these findings show that formal educatway indeed be an important instrument
when it comes to reducing gaps in cognitive abkgitiThe cognitive abilities of participants in
the non-academic track profited from formal edwratver 30 years after leaving school.
Thus, it is especially this, probably lower perfamg) subgroup in the population that can
profit from formal education and additional struett interventions or programs. We could
also say that this subgroup is much more deperateakternal help and programs to keep
them cognitively challenged and to possibly stapdbcumulation of disadvantages. Thus,
despite the fact that the ‘haves’ profit more frimterventions, the interventions are of crucial
importance especially for the ‘have-nots’ and splgaiograms are needed that focus on the
‘have-nots’ in order to effectively reduce the citige gap. In addition, these interventions
should start as early as possible in the lifetiwigen gaps are still small and children’s

cognitive abilities are still very sensitive to @mnmental influences.

5.3 Practical Implications

In addition to the above described theoreticallicagions, the findings of the present
Ph.D. thesis may provide some practical implicatiooncerning the practice of grade
retention. In addition, a number of additional picad implications can be deduced from the
findings in the current dissertation, for exampd@eerning early interventions, career

counseling, and school tracking.
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5.3.1 Grade Retention in Primary School

Grade retention is the practice that students \aliad attain the competencies
required to achieve a certain grade level havepeat their current grade level. The
pedagogical measure is applied with the idea thaidalitional year of maturity and exposure
to the curriculum will improve the students’ acadeachievement and social success in
future grade levels. Opposed to this theoreticadjdve found negative long-term impacts of
grade retention in primary school on three keydifgcomes, namely educational attainment,
adult income, and adult intelligence, 40 yearsrdfte students had been retained. How can a
single life event have such an impact? The explamas that grade retention is a decision, but
the consequences of this decision have a greaemdke on the student to school relationship.
Lifespan developmental psychology (Baltes, 1987 Baltes, 2006) proposes that children
interact reciprocally with their environment, thhe negative effects of grade retention are
likely to accumulate over the lifespan. Ample poais research findings have shown that
grade retention has several negative impacts tundarst’'s academic career . For example,
grade retention leads to a negative attitude tosvactiool (Holmes & Matthews, 1984) and
lower academic self-efficacy (Hughes et al., 20IBs, retained students favor school less
and become more likely to drop out of school (Jsoar Anderson, et al., 2002; Jimerson,
Ferguson, et al., 2002). Moreover, retained stigdarg more likely to leave school early. The
results of the current study confirm this line easoning. The results of Study 3 showed that
grade retention had a negative impact on lengfbrafal education. It was predicted that the
retained students left school one year earlier ttmetained students even when
simultaneously controlling for childhood intelliges grade point average in primary school,
parental SES, and 11 other variables that are lpgssssociated with grade retention.

Leaving school early with fewer academic qualifieas is associated with taking on

occupations that are more of a physical naturdesglcognitively challenging. These
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occupations are also usually less well paid. Thalte of Study 3 also confirm this
relationship. Grade retention in primary school haignificant negative impact on adult
income, while years of formal education had a $iggmt positive impact on adult income.
Childhood intelligence, grade point average in janynschool, and parental SES did not affect
adult income significantly in the regression analys Study 3. Crucially, it is remarkable that
grade retention in primary school had an increnlesfitare in the variance in adult income at
age 52 above years of education or childhood ig&zice. This shows that grade retention is
not only an indicator of lower educational attaiminer lower childhood intelligence. Thus,
other mechanisms than only lower educational attait must play a role in why retained
students in primary school have lower incomes iddie adulthood. One possibility is that
formerly retained students still have a lower séffeacy so that they may not ask for
promotions as often as their non-retained colleague

As described above, retained students are morly likdnave a less cognitively
challenging job environment and probably also a tEgynitively challenging leisure
environment, which is in turn negatively relatecttgnitive functioning (Schooler & Mulatu,
2001; Schooler et al., 1999). In Study 3, we foarsignificant negative impact of grade
retention in primary school on adult intelligend¢eage 52. Interestingly, again grade
retention had a significant incremental influenbeae childhood intelligence, years of formal
education, grade point average in primary schoal,@rental SES. Crucially, even after
childhood intelligence was controlled for, gradeention and years of education still had a
significant and incremental impact on adult ingehce.

Taken together, the results of Study 3 in thegaredissertation tell a dramatic story of
a pedagogical measure in childhood that was sugposgo good for the student, but that had
negative consequences even 40 years after it readdmplied. Contrary to the belief that

grade retention is beneficial to the student, & loaag lasting negative consequences on
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several key life outcomes, as shown in the predissertation. Crucially, grade retention in
primary school is a measure that is applied whéldrelm are most sensitive to environmental
interventions, this may also be one reason whyegraténtion in primary school has such
persisting negative consequences. Unfortunatetybétief that grade retention is beneficial
has sustained until today in Luxembourg and gratention is still a very frequently applied
pedagogical measure. In 2011, the European Cononi§2011) has made clear that grade
retention is not beneficial for students and thetnging existing regulations on grade
retention will not be enough to solve the problémstead, the European Commission has
called for a change in the belief that grade redertould be beneficial. Alternative
approaches to help students with learning diffieslat school are needed. Alternatives such
as formative assessment combined with short, intemsterventions or individual lessons
with support staff seem to be very promising aldires in some countries (European
Commission, 2008). However, future research is eged identify alternative approaches as

well as to evaluate these alternative approachésregard to long-term consequences.

5.3.2. Early Interventions

As stated by Heckman (2008) , Ability gaps betwédemadvantaged and
disadvantaged open up early in the lives of childrin the current study, we have seen that
initial differences in late childhood become monel anore pronounced until middle
adulthood. In addition, the results of the presksgertation show that cognitive abilities and
formal education relate reciprocally to each otest advantages accumulate. This is one
mechanism of how initial differences become indregyg pronounced as life unfolds. Thus,
the results of the present dissertation suggestedacing cognitive differences at an early
age will be most beneficial and effective in clasor minimizing large cognitive gaps later in
life. This is in line with arguments by Heckman Q80), who has shown that early

interventions have high benefit-cost ratios andgaif return. Early interventions, especially
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for children from disadvantaged families, have bempirically proven to promote
educational attainment, reduce crime, foster waddgroductivity and reduce teenage
pregnancy (Heckman, 2008). In addition, intervemgithat have started at kindergarten age,
have been shown to positively affect cognitiveigbip until early adulthood (Heckman,
2008). Early interventions are much more promisiran late interventions as they affect
children’s cognitive abilities at a stage in liighen their biological plasticity is still very high
and they are still very sensitive to environmem#uences (Baltes, 1987; Li & Baltes, 2006).
Thus, although the data from the present dissentatiarts in late childhood, it is very likely
that gaps between advantaged and disadvantagédechdlready open up much earlier in
life. Heckman (2008), for example, shows that pdiaps at age 12 already existed when the
children entered primary school. In addition, Heekn2008) argues that children of
disadvantaged families that life in low quality twwimg environments (i.e. low parenting
guality) are most dependent on external early vetetions. This is similar to the finding of
the present dissertation that especially the stgdarthe non-academic track were in need of
external help. Thus, it is particularly importaothitelp the more disadvantaged children as
early as possible, so that the cognitive and atseaognitive ability gaps are not enlarged by

the dynamic and reciprocal processes of skill dnlityaformation.

5.3.3 Career Counseling — Educational DiagnosticE¢rderdiagnostik)

In the present dissertation, we found that albdrabilities, as well agand the
specific abilities showed very high differentiahistlities from late childhood into middle
adulthood. Thereby, the configuration of specifidifes can be seen as the specific pattern
or profile of talent, while the level @ may indicate the level of the profile (LubinskQ(2).
Previous research has shown that these profilesnai@tant to understand why certain
learning and working environments are found ativaabr not (Shea et al., 2001). While the

profile of specific abilities is important to pretithe content of the learning or working
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environment, the level af will predict the level of complexity of the leang or working
environment (L. S. Gottfredson, 2003; Lubinski, 2DAs a simple example, two students
with a profile of specific abilities that points ihe medical-social direction may choose jobs
in the healthcare system. The student with thedriggvel ing is likely to become a medical
doctor, while a lower level ig may lead to an apprenticeship to become a nuséhed
results of the current dissertation have shownttiatnter-individual profiles as well as the
level ofg are highly stable across the lifetime, career seling may already start very early
in childhood. Today, career counseling in schotasts only very late in secondary school,
mostly only shortly before students leave formaleadion. Thus, as school is supposed to
prepare for later life and work, it would be justd and important to offer courses that make
students familiar with different job families muehrlier in the school career. This, in
combination with targeted diagnostics to identifylity profiles and level, could facilitate
career choices for many students.

Intelligence tests can help to provide optimalrabge fostering for children by
identifying slow learners and gifted children (Atess & Urbina, 1997; Hunt, 2011). Thus,
the early and reliable identification of strengém&l weaknesses in the ability profile can also
be used for educational diagnostics (Forderdiagodthe results of the current study show
that strengths and weaknesses in a certain poafiidbe identified very early in life. This
would enable educationists, teachers, parentspsychologists to intervene at a very early
age, so that the gap between children in the séame does not become too large. In addition,

knowledge about strengths in the profile can bel tigdalance weaknesses in the profile.

5.3.4 School System
Two implications related to the school system lsamleduced from the current
dissertation’s findings. The first implication camos the tracking decision in tracked school

systems and whether the tracking decision shoultdre strongly based on cognitive
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abilities or not. Per se, tracked school system beay the threat that they increase the ability
and attainment gap between the lower performingtiaadetter performing students (DiPrete
& Eirich, 2006). Although, in the present dissadaf no significant evidence was found that
the higher school track improved cognitive abisitiehe results of the current dissertation
pointed in this direction and may have been sigaift with more statistical power. Thus,
basing the tracking decision more strongly on ctgmabilities may widen the gap even
more. However, cognitive abilities are importantedminants of academic success in school
(Jensen, 1998), yet other non-cognitive abilitigshsas socioemotional skills, attention,
motivation, and self-confidence are also of impactafor later success (Heckman, 2008).
Thus, academic achievement in terms of gradesviayal a result of cognitive abilities as well
as non-cognitive abilities, plus time spent prasgavhat has been taught in school. In other
words, academic achievement (i.e. grades) candseasea result of cognitive ability as an
indicator of potential as well as the actual reslan of this potential (Ceci & Williams,
1997). Therefore, grades as an indicator of thkzeshpotential are the better indicator for
future academic success and may be the betterinthgator for the tracking decision. Grade
point average has also been the predictor withigpeest standardized regression coefficient
(beta) in the analysis on years of education ir8i

Nevertheless, cognitive abilities can be used@diagnostic tool before the tracking
decision. One or two years before the trackingsiegiis to be made, cognitive abilities can
provide some insight into whether students mayrmerperforming compared to their actual
potential in terms of cognitive abilities. This édie the case for students with high ability
levels but poor grades. For these students, additimeasures could be taken to improve their
actual performance so that it matches their addlife.g. enhance motivation, improve

attention, raise their self-confidence, or preghsemm against test anxiety). However, it is
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important that there is enough time in betweenittiexvention and the tracking decision, so
that actual performance may improve.

A second implication of the current dissertatidimslings concerns the new
educational standards (Bildungsstandards) in Geymar2004, the Kultusministerkonferenz
(KMK) in Germany decided on new educational staddgldor all schools in Germany to
foster newly defined competences (Kultusministef&mmnz, 2005a). For example, in primary
schools, these competences focus on mathematidSennaan instructions
(Kultusministerkonferenz, 2005b, 2005c). Theselpel&fined competences are more
closely related to fluid and crystallized intellng, respectively. These changes in the
educational system in Germany may affect the detgrednich formal education in Germany
will affect cognitive abilities. In the current styy we found that length of formal education
had an impact on fluid and crystallized abiliti€aus, one can only assume that these new
educational standards will yet enlarge the imp&&vrwnal education on cognitive abilities in
the years to come. However, the implementatiommese¢ new standards may increase the
ability gap, as the ‘haves’ may profit much momnfrthese new standards than the ‘have-
nots’. Nevertheless, the opposite result is alssibte, as found in the present dissertation,
the non-academic track participants (i.e. probaldp more of the *have-nots’) did profit
from formal education for almost all their liveshie no lasting effect of formal education on
the cognitive abilities of the students in the asatt track was found. An explanation for this
effect is that formal education offered the papieits in the non-academic track a possibility
to train their cognitive abilities, a possibilityat they would have not had without school.
Thus, it could be that training these new compeatemtoser to fluid and crystallized abilities
in schools may be especially beneficial for lowerfprming students. As a result the lower
end of the ability distribution would be the ondsonprofit more, and also more enduringly,

from such a change, resulting in a reduced gagxi@lly, as both scenarios are possible (a yet
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increased gap between the lower and the upper ¢évieé distribution or a reduced gap
between the two poles), it is of importance to rnmmihe changes in cognitive abilities that

come along with these new educational standards.

5.4 Strengths, Limitations, and Future Avenues

The strengths of the present dissertation arengledi in the rich database that we
could draw from. We were able to base our analgses well validated 1Q test, the
Leistungsprufsystem by Horn (1962, 1983). This é&thbs to test several hypotheses
regarding the development of intelligence acrosgetls of the lifetime. In addition, we
could examine the influence of formal education gratle retention in primary school on the
development of cognitive abilities. Moreover, wirelevant, we were able to control for key
variables associated with the development of iigitice, most notably childhood cognitive
ability, educational attainment in primary schaoid parental socioeconomic status in
childhood, among others. Importantly, the samplthefpresent dissertation did not only span
40 years of the lifetime, but was homogeneous vasipect to age. Crucially, the sample was
representative of the Luxembourgish populationllofz year olds and sixth graders in 1968,
as half of all schools in Luxembourg participatedhe study in 1968.

Our research design allowed us to effectivelylmtko major validity threats that
longitudinal designs usually suffer from: (a) séhee attrition and (b) retest effects (Tucker-
Drob & Salthouse, 2011). In the present dissermatie were able to reliably estimate
selective attrition, because our base sample waesentative of Luxembourg’s population.

In addition, the estimates of selective attritibwwed that our longitudinal sample was only
slightly positively selected. Crucially, the timgas of 40 years between the two measurement
occasions rendered retest effects almost impossible

Despite all these strengths, the present disgmrtatas also limited in several aspects.
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The most unfortunate limitation is that we coulddéaur analyses only on two points of
measurement. Measurement waves at critical stagés ivould have been needed to draw
more precise conclusions on the course of cognitexeelopment and the influence of
educational attainment. Such important points alifie course would have been before
children entered primary school, after adolesclkeft$ormal education, and at about age 30
years. With these additional points of measuremeatvould have been able to draw
inferences on the path of development as well &8 haetter understanding of the effects of
formal education on cognitive abilities. In additjonore measurement occasions with shorter
time intervals would have also been needed talespropositions of investment theory in
more detail. Moreover, a measurement occasion édher participants entered school or in
first grade would have been very valuable for St8dlf childhood intelligence and grades or
a teacher rating had been assessed before théartdacision was made, we could have
included this information in the propensity scoratohing analyses. By doing so, we would
have been able to control the selection bias betyweamoted and retained children in an
even stricter way.

The 1Q re-test sample was much smaller than tlisdtold sample in the MAGRIP-R
study in 2008/09. This was a result of the two-stafa collection process, where each step
took about 90 minutes or more. Thus, on some oaeasnore participants would have been
needed to have enough statistical power in ordéndosignificant effects for all research
guestions under study. This problem is especiglptieable to Study 2 and the main effect of
quality of formal education. A larger number of fi@pants would have also been very
valuable in Study 3 on grade retention, becauserb@ensity score matching procedure led
to an additional reduction in sample size. Withargér initial sample, we could have also

performed the analyses on grade retention on atlkteel.
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Moreover, we had only two observed indicators aasuees of each broad ability
factor, which reflects the lower limit for assegglatent factors in structural equation models.
However, to be able to measure change, we hacetthessame test that was applied in 1968.
Nevertheless, the observed indicators were wedlesedl and widely-used indicators of the
broad abilities under investigation. In additiom Study 2, we lacked a longitudinal measure
of knowledge of the world. This would have enahlsdo directly compare word knowledge
and knowledge of the world as two different aspetisystallized abilities. The present
results cannot clearly distinguish whether theedéhce in the two variables in respect to
formal education is accounted for by the diffeneature of the variables or simply the lack of
a longitudinal control for knowledge of the world.

Future avenues should be built on well planneditadinal studies. Structural
equation modeling offers many interesting new apgines to data analyses of longitudinal
data. However, these approaches require large sasizgls as well as several waves of data
collection. Therefore, longitudinal studies tharsas early as kindergarten age and that cover
large periods of the lifetime are needed to ansmportant questions on cognitive aging. The
European Commission (2014) has realized that aegnitterventions for an aging society
must start in childhood. If we do not succeed ckliag the gaps in cognitive functioning and
improving cognitive aging, many European societvdsstruggle with demographic change
in their countries. However, today still too litteknown about many underlying mechanisms
of cognitive development as well as the impactooiffal education on cognitive abilities.

This is why representative longitudinal studied thaasure cognitive abilities as well as
several important characteristics that are asstiatth cognitive development (e.g.
educational attainment, parental SES, parentalagaun) are needed. Ideally, these studies
would start assessing the participants charadteyigt age 3 or at the latest, before they enter

primary school, at the end of primary school, oeanafter the transition to secondary school,
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at the end of school, and thereafter in five toytear intervals. In addition, several aspects of
cognitive abilities should be assessed to paiteaer picture of how these different broad
abilities influence each other across time as ag&lhe interplay and importance of specific
abilities andg. In addition, it would be very interesting to alssess other non-cognitive
influences on key life outcomes such as motivatseff-esteem, goals, values, and

personality.
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Annex

Annex A: Comprehensive Description of the Measures of Intelligence

Childhood intelligence was assessed by the Leispnigsystem (L-P-S [Performance Test
System]; W. Horn, 1962, 1983). The L-P-S is a shtatided, objective, and comprehensive
German intelligence test based on the model ofgyrmental abilities formulated by
Thurstone (1938). Its 14 subtests provide a measugeneral intelligence (total IQ score) as
well as scores for more specific intellectual facstich as crystallized intelligence and fluid
intelligence (Neubauer, Fink, & Schrausser, 2008 scores for crystallized intelligence are
based on three subtests. Two subtests consistsspaiied six-letter words; participants have
to identify the appropriate words as well as thellspg errors. The other subtest consists of
anagrams (Borkenau & Liebler, 1993). The scoredldiaat intelligence are based on two
subtests inspired by Raven’s Progressive MatridésHorn, 1983). For both subtests,
participants have to identify the inappropriateredat in a series of eight elements, the
elements of the first subtests being geometriaégwand those of the second subtest being
letters and digits.

Split-half reliability of the overall test is .9parallel-forms reliability is .94. Retest
reliability across a time span of 32 months isf@3he overall test score (W. Horn, 1983;
Tent, 1969), .94 for the combined score for cryiged intelligence, and .78 for the combined
score for fluid intelligence (W. Horn, 1983). Theseample evidence for the construct validity
of the L-P-S. Specifically, the correlation of thd>-S total score with the total score on the
German version of the Wechsler Adult Intelligencal® (WAIS)—the Hamburg Wechsler
Intelligenztest fir Erwachsene (HAWIE-R; Tewes, 189is .94 (Sturm & Bussing, 1982).
Furthermore, the correlation of the standardizee-&-total score with the standardized total

score of the Intelligenz-Struktur-Test (IST; Liepmeet al., 2001) is .72. The IST is another
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well-validated and widely used German intelligetes that also correlates substantially with
the HAWIE-R (Tewes, 1991). In a recent meta-analydiillsheger, Maier, Stumpp, and
Muck (2006) compared the predictive validity of th€-S and five other intelligence tests
widely used in German-speaking countries, includivgIST and Raven’s Progressive
Matrices (Kratzmeier, 1979), for the outcomes afatenal education. The authors found the
L-P-S to be one of the instruments with the higlees¢rion-related validity. Further, the total
and subtest scores of the L-P-S showed high ctioetawith grades in various school
subjects (W. Horn, 1983). For instance, the tatats showed a correlation of .55 with grade
point average in Grade 4 of elementary school (TE3®5). The crystallized intelligence
score showed a correlation of .47 with German ggaded the fluid intelligence score a
correlation of .80 with mathematics grades (W. Hd®83). Given the strong empirical
evidence for its reliability and validity, the L-14s widely employed in various areas of
psychological research, such as research on gdiftleences in cognitive functions (Weiss,
Kemmler, Deisenhammer, Fleischhacker, & Delazed320r clinical and neuropsychology

(Kuelz, Hohagen, & Voderholzer, 2004).
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Annex B: Study 1- Invariance across Time of Psychometric Properties

Further Details on Assessment of Model Fit in Studyt

Applied fit indices.To test for increasing levels of MI, we used awisp procedure,
in which increasingly more equality constraints evertroduced into the models of the 12 and
52 year-olds. Goodness of model fit was assessélelyy goodness-of-fit test as well as by
several descriptive measures of fit that are recenttad in the literature: thé statistic in
relation to degrees of freedom, the Root Mean Syiaror of ApproximationRMSEA
Steiger, 1990), the Standardized Root Mean Squeselial SRMR Bentler, 1995),

Akaike’s Information CriterionAlIC, Akaike, 1974), and the Comparative Fit INdE¥(,
Bentler, 1990). RMSEA values smaller than .05 shovacceptable fit (Hu & Bentler, 1999).
SRMR values smaller than .05 indicate good fit, ealdes smaller than .10 point to an
adequate model fit (Schermelleh-Engel et al., 2008¢ model with the smallest AIC value

is considered to be the best fitting model (SchdehdéEngel et al., 2003). CFI values that are
greater than .95 suggest good model fit (Hu & Bantl999). The CFI shows the relative fit
of a given model compared to an appropriate nuti@hthat accounts for Ml restrictions
(Widaman & Thompson, 2003). The appropriate nulbdeidor the current study is a model
with zero covariation among the observed varialiiew invariant measurement error, as well
as time invariant intercepts (i.e., Model OA in \Afidan & Thompson, 2003).

Assessing measurement invariand@ur stepwise procedure implied that each model
is nested within the previous one, and hence thdehfds could be compared (Bentler &
Bonett, 1980). When the overall model fit of a giveodel was acceptable, we made
comparisons across the nested models to asseds M Little, 1997). Model fit differences
are most commonly assessed bythdifference test (Bollen, 1989). However, Cheund an

Rensvold (2002) have shown that a change in thep@aative Fit Index CFIl smaller than -.01

205



Annex

indicates adequate fit of the model with additiok&lconstraints. Importantly, when thé
difference test and the change in the CFI disagrgarding which model should be accepted,
we based our decision on the change in the CFlusecaf its better statistical properties (i.e.,
change in the CFl is not affected by sample sitesudg & Rensvold, 2002). In some cases,
MI holds for some but not for all indicators; tligscalled partial MI (Byrne et al., 1989).
Byrne et al. (1989, p. 458) suggested that a sefficegree of partial metric invariance for
meaningful comparisons of different models is dghbd if, in addition to the indicator
whose loading is fixed to identify the scale of thint factor, at least one additional loading

is invariant across time.

Results Type 1 MI
To study the Type 1 MI of subtest scores, we exathmseries of increasingly constrained
models (these models are abbreviated T1). Measmtemadels with configural (T1.1) and
metric invariance (T1.2) constraints demonstraterbient fit (see Table 5). However, when
we imposed the constraint of equal error variamoesss time, parameter estimation did not
converge (T1.3). We therefore relaxed the equabtystraints on the residual variances of
two subtest scores (Gc_1 and Gs_1). The resultodeh(T1.4) showed good fit to the data,
and the model comparison with the metric invarraontlel (T1.2) indicated an acceptable
deterioration in model fit. When we imposed thestaaints of scalar invariance (T.5), overall
fit deteriorated markedly. We therefore relaxeddbestraints on the intercepts of two
indicators (Gc_1 and Gv_8), yielding a model witlttfal scalar invariance (T1.6) that fit the
data well and not considerably worse than Mode#tTTo conclude, our results indicate that
configural, metric, and partial error invariancecombination with partial scalar invariance
could be established for all manifest subtest scdrhis level of Type 1 Ml indicates that the

operational definition of the four broad abilitisfundamentally the same at age 12 and age
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52 and allows meaningful comparisons of the latentiriances and variances in order to test
the age differentiation-dedifferentiation hypotisdsased on the extended Gf-Gc model and

the three-stratum model, respectively.

Further Results of Testing the Age Differentiationbedifferentiation Hypothesis
Here we present some additional statistical resdilear study of the Age Differentiation-
Dedifferentiation Hypothesis when taking the pectipe of Carroll's three-stratum model.
To identify the various sources of age dediffeiidgn in this model, we drew on Model C.1
(where the variance @fspeciicsowas fixed to zero) and imposed several equalibstraints
across time (see Table 5). First, in Model C.2caestrained the unstandardized factor
loadings to be equal across time (i.e., reflecs@gond-order metric invariance). This model
did not show acceptable overall model fit. The o@asas that the unstandardized loadings of
Gc ong and Gs omg were much higher at age 52 than at age 12. Whearhlaeed the equality
constraints of these second-order factor loadings (eflecting partial metric invariance;
Model C.3), model fit was acceptable and not carsidly worse than the configurally
invariant model (Model C.1). Second, in Model G\, constrained the variances of specific
abilities to be equal across time. This model aitlsthow acceptable overall model fit. The
reason was that the variance okgagicincreased whereas the variance of,&fic decreased
with age (see Figure 2c¢). When the equality comgs@n the variances of these specific
abilities were relaxed (Model C.5), model fit was@ptable and not considerably worse than
that of Model C.3. Third, in Model C.6, we imposaglality constraints on the variancegof
across time. This model did not fit the data weltduse the variance of théactor increased
significantly from age 12 to age 52 (see Figure Zaken together, these results indicate that
the increase in intercorrelations observed in #iereled Gf-Gc model is the result of several

age-specific changes: (a) increases in the fagtalihgs of Gc and Gs @ (b) a decrease in
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the variance specific to Gijith Gf even becoming indistinguishable frgnat age 52, and (c)
by a substantial increase in the variancg over time. However, at the same time, the

variance specific to Gc increased, which is indveabf differentiation.
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Annex C: Tables

Table 13

Intercorrelations, Descriptive Statistics, and Mb&ased Reliability Estimates of Manifest Measwas#\pplied in the Current Study

Age 12 Age 52

Gc 1l Gc 2 Gfl Gf2 Gvil Gv2 Gsl1 Gs2 Gce_ 1 Gce_2 Gf 1 Gf 2 Gv_ 1 Gv_2 Gs 1 Gs 2
At age 12
Gc 1 -
Gc 2 51 -
Gf 1 .30 .29 -
Gf 2 .32 34 54 -
Gv1 31 .30 .33 .36 -
Gv 2 .30 .37 41 .37 42 -
Gs 1 .20 .25 21 .29 .18 21 -
Gs 2 .09 17 .07 .19 .09 12 .28 -
At age 52
Gec 1 .62 A7 31 A2 .33 .33 .24 A2 -
Gc 2 46 A7 .32 40 .28 31 .28 .05 64 -
Gf 1 .30 31 48 52 41 45 21 .08 49 49 -
Gf 2 .38 .35 49 54 .39 40 .26 17 57 56 .70 -
Gv 1 .27 .27 .43 43 40 A7 .16 .01 43 .45 .60 .53 -
Gv_ 2 .24 .30 .43 .35 40 .57 12 .08 .38 .39 .59 .53 .59 -
Gs 1 .19 17 .19 .22 15 .18 40 29 .29 34 31 .36 .23 19 -
Gs 2 .22 .22 .33 .38 .26 .26 .29 41 .45 41 46 .55 .36 .34 .49 -
M 102.8 103.1 104.7 104.9 103.5 103.5 101.7 102.2 162.0 133.6 117.4 121.8 1125 116.3 121.2 121.9
SD 13.0 14.7 14.2 13.0 15.3 14.1 14.8 13.0 24.1 211 15.8 13.8 18.9 14.5 23.5 17.4
RTT .52 A2 .50 .64 A4 .43 .25 .32 .60 73 .58 72 .56 .55 .35 .62
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Note All entries are based on full information maximtkelihood estimates for missing data. Gc = corhpresion knowledge; Gf = fluid reasoning; Gv =
visual processing; Gs = processing speed; _1 amdfePto manifest variables 1 and 2 that meaheedspective broad ability; RTT = lower-bound mede
based estimates of subtest score reliabilitiesrmddarom Model T1.6 (see Bollen, 1989); thesenestes take into account the reliable variance diled

first-order factors and (in case of Gc_1, Gv_2, Gand Gs_2) correlated residual terms.
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Table 14

Income Categories and Means per Category adaptédixembourgish Income Levels as

used in the Study 3 of the present dissertation

Income categories as Mean per category used
assessed in the study for the data analyses
No own income 0€
less than 150 € 75 €
150€1t0299 € 225 €
300 €t0 499 € 375 €
500 €t0 999 € 750 €
1,000€1t0 1,499 € 1,250 €
1,500€1t0 1,999 € 1,750 €
2,000 €t0 2,499 € 2,250 €
2,500 €1t02,999 € 2,750 €
3,000 €t0 3,999 € 3,500 €
4,000 € to 4,999 € 4,500 €
5,000 €10 6,249 € 5,625 €
6,250 €t0 7,499 € 6,875 €
7,500 €10 9,999 € 8,750 €
10,000 € or more 10,000 €
Table 15

Descriptive Statistics of the Interval Scaled Vhalés in the Propensity Score Matching for
Years of Education by Promoted and Retained Stadgefore and After Matching in Study 3.

Before Matching After Matching

Not retained ( n = 618) Retained (n=107) Effect size | Not retained (n = 384) Retained (n =101) Effect size

Matched Variables mean SD mean SD Cohen’s d mean SD mean SD Cohen’s d
Total number of children in family 2.8 1.5 3.6 1.9 -0.52 3.1 1.6 3.4 1.8 -0.19
Total number of people living in household 5.0 1.6 5.6 1.9 -0.36 5.3 1.7 5.5 1.9 -0.14
Highest parental SES 41.2 12.9 33.7 8.6 0.61 35.5 9.7 33.8 8.7 0.18
Participant: Birth rank 1.9 12 2.6 1.6 -0.59 2.1 13 2.4 13 -0.21

Note. SES = socioeconomic status
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Table 16

Descriptive Statistics of the Not Interval Scaledigbles in the Propensity Score Matching

for Years of Education by Promoted and Retainedestis Before and After Matching in

Study 3.

Before Matching

After Matching

Not retained ( n = 618) Retained (n = 107) Effect size | Not retained ( n = 384) Retained (n = 101) Effect size
Matched Variables n % n % Cohen’s h n % n % Cohen’s h
Gender
male 285 46.1 53 495 -0.07 182 47.4 51 50.5 -0.16
female 333 53.9 54 50.5 0.07 202 52.6 50 49.5 -0.04
Class gender configuration
only boys 131 21.2 31 29.0 -0.18 103 26.8 30 29.7 -0.12
only girls 164 26.5 28 26.2 0.01 98 255 27 26.7 -0.09
mixed 323 52.3 48 44.9 0.15 183 47.7 44 43.6 -0.01
Parents working situation
both parents working 116 18.8 23 21.5 -0.07 80 20.8 22 21.8 -0.07
only father working 478 77.3 78 72.9 0.10 289 75.3 75 74.3 -0.14
only mother working 8 1.3 0 0.0 0.23 4 1.0 0 0.0 0.20
parents unemployed 16 2.6 6 5.6 -0.16 11 2.9 4 4.0 -0.08
Person learning with participant
nobody 182 29.4 28 26.2 0.07 124 32.3 27 26.7 0.06
father 79 12.8 17 15.9 -0.09 38 9.9 17 16.8 -0.24
mother 232 375 29 27.1 0.22 140 36.5 28 27.7 0.12
siblings 28 4.5 17 15.9 -0.39 20 5.2 14 13.9 -0.33
somebody else / teacher 9 1.5 4 3.7 -0.15 8 2.1 3 3.0 -0.07
somebody else / privat 27 4.4 5 4.7 -0.01 18 4.7 5 5.0 -0.03
father and mother 36 5.8 3 2.8 0.15 16 4.2 3 3.0 0.05
mother and somebody else 8 1.3 2 1.9 -0.05 6 1.6 2 2.0 -0.04
father, mother, and siblings 17 2.8 2 1.9 0.06 14 3.6 2 2.0 0.09
Nationality
Luxembourgish 534 86.4 86 80.4 0.16 320 83.3 80 79.2 -0.10
Italian 40 6.5 12 11.2 -0.17 29 7.6 12 11.9 -0.18
Portuguese 1 0.2 0 0.0 0.08 1 0.3 0 0.0 0.10
German 7 1.1 2 1.9 -0.06 5 1.3 2 2.0 -0.07
Spanish 4 0.6 0 0.0 0.16 4 1.0 0 0.0 0.20
Dutch 7 1.1 3 2.8 -0.12 4 1.0 3 3.0 -0.16
Belgian 9 15 0 0.0 0.24 9 2.3 0 0.0 0.30
French 10 1.6 3 2.8 -0.08 8 2.1 3 3.0 -0.07
none / other 6 1.0 1 0.9 0.00 4 1.0 1 1.0 0.00
Month participant was born
January 40 6.5 6 5.6 0.04 27 7.0 6 5.9 0.02
February 32 5.2 7 6.5 -0.06 22 5.7 7 6.9 -0.07
March 58 9.4 6 5.6 0.14 31 8.1 6 5.9 0.06
April 41 6.6 11 10.3 -0.13 22 5.7 10 9.9 -0.19
May 54 8.7 10 9.3 -0.02 35 9.1 9 8.9 -0.02
June 50 8.1 10 9.3 -0.05 25 6.5 9 8.9 -0.12
July 46 7.4 3 2.8 0.22 32 8.3 3 3.0 0.22
August 37 6.0 10 9.3 -0.13 22 5.7 9 8.9 -0.15
September 48 7.8 13 12.1 -0.15 28 7.3 12 11.9 -0.19
October 51 8.3 12 11.2 -0.10 34 8.9 12 11.9 -0.13
November 79 12.8 6 5.6 0.25 50 13.0 6 5.9 0.22
December 82 13.3 13 12.1 0.03 56 14.6 12 11.9 0.04
Family situation
parents married 585 94.7 89 83.2 0.39 356 92.7 87 86.1 -0.07
parents divorced 4 0.6 3 2.8 -0.18 2 0.5 3 3.0 -0.21
parents seperated 6 1.0 6 5.6 -0.28 6 1.6 6 5.9 -0.26
parents remarried 6 1.0 4 3.7 -0.19 5 1.3 3 3.0 -0.13
foster family 1 0.2 1 0.9 -0.11 1 0.3 0 0.0 0.10
widowed 16 2.6 4 3.7 -0.07 14 3.6 2 2.0 0.09
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Table 17
Descriptive Statistics of the Interval Scaled Vhlés in the Propensity Score Matching for

Male Adult Income by Promoted and Retained Stud&efisre and After Matching in Study 3.

Before Matching After Matching
Not retained ( n = 285) Retained (n= 53) Effect size Not retained ( n = 164) Retained (n = 49) Effect size
Matched Variables mean SD mean SD Cohen’s d mean SD mean SD Cohen’s d
Total number of children in family 2.7 1.4 1.7 -0.43 2.9 15 3.1 1.5 -0.17
Total number of people living in household 4.9 1.6 1.6 -0.31 5.0 1.7 5.2 15 -0.09
Highest parental SES 40.8 12.7 8.1 0.53 35.8 10.2 34.0 8.2 0.18
Participant: Birth rank 18 1.0 15 -0.75 2.1 11 2.4 13 -0.25

Note. SES = socioeconomic status

Table 18

Descriptive Statistics of the Not Interval Scaledigbles in the Propensity Score Matching

for Adult Male Income by Promoted and Retained &ttglBefore and After Matching in

Study 3.
Before Matching After Matching
Not retained ( n = 285) Retained (n = 53) Effect size Not retained (n = 164) Retained (n = 49) Effect size
Matched Variables n % n % Cohen’s h n % n % Cohen’s h
Gender
male 285 100.0 53 100.0 0.00 164 100.0 49 100.0 0.00
female 0 0.0 0 0.0 0.00 0 0.0 0 0.0 0.00
Class gender configuration
only boys 131 46.0 31 58.5 -0.25 93 56.7 28 57.1 0.04
only girls 0 0.0 0 0.0 0.00 0 0.0 0 0.0 0.00
mixed 154 54.0 22 41.5 0.26 71 43.3 21 42.9 0.05
Parents working situation
both parents working 54 18.9 12 22.6 -0.09 34 20.7 10 20.4 0.03
only father working 224 78.6 40 75.5 0.08 125 76.2 38 77.6 0.05
only mother working 2 0.7 0 0.0 0.17 2 1.2 0 0.0 0.23
parents unemployed 5 1.8 1 1.9 -0.01 3 1.8 1 2.0 -0.01
Person learning with participant
nobody 62 21.8 12 22.6 -0.02 39 23.8 11 22.4 0.06
father 38 13.3 8 15.1 -0.05 20 12.2 8 16.3 -0.10
mother 119 41.8 15 28.3 0.29 70 42.7 15 30.6 0.29
siblings 14 4.9 9 17.0 -0.40 14 8.5 8 16.3 -0.23
somebody else / teacher 6 2.1 3 5.7 -0.19 4 2.4 2 4.1 -0.09
somebody else / privat 13 4.6 2 3.8 0.04 8 4.9 2 4.1 0.05
father and mother 20 7.0 2 3.8 0.15 4 2.4 2 4.1 -0.09
mother and somebody else 3 1.1 2 3.8 -0.19 0 0.0 1 2.0 -0.29
father, mother, and siblings 10 3.5 0 0.0 0.38 5 3.0 0 0.0 0.36
Nationality
Luxembourgish 250 87.7 39 73.6 0.37 138 84.1 36 735 0.39
Italian 15 5.3 7 13.2 -0.28 11 6.7 6 12.2 -0.18
Portuguese 1 0.4 0 0.0 0.12 1 0.6 0 0.0 0.16
German 3 11 1 1.9 -0.07 3 1.8 1 2.0 -0.01
Spanish 3 11 0 0.0 0.21 3 1.8 0 0.0 0.28
Dutch 4 14 3 5.7 -0.24 0 0.0 3 6.1 -0.51
Belgian 1 0.4 0 0.0 0.12 1 0.6 0 0.0 0.16
French 7 25 2 3.8 -0.08 6 3.7 2 4.1 -0.01
none / other 1 0.4 1 1.9 -0.16 1 0.6 1 2.0 -0.13
Month participant was born
January 16 5.6 3 5.7 0.00 8 4.9 3 6.1 -0.05
February 17 6.0 5 9.4 -0.13 10 6.1 5 10.2 -0.14
March 34 11.9 1 1.9 0.43 18 11.0 1 2.0 0.41
April 19 6.7 8 15.1 -0.27 15 9.1 7 14.3 -0.15
May 27 9.5 3 5.7 0.15 13 7.9 3 6.1 0.08
June 21 7.4 6 11.3 -0.14 12 7.3 4 8.2 -0.02
July 23 8.1 1 1.9 0.30 14 8.5 0 0.0 0.61
August 16 5.6 5 9.4 -0.15 11 6.7 5 10.2 -0.12
September 25 8.8 6 11.3 -0.08 12 7.3 6 12.2 -0.16
October 20 7.0 6 11.3 -0.15 14 8.5 6 12.2 -0.11
November 36 12.6 4 7.5 0.17 18 11.0 4 8.2 0.11
December 31 10.9 5 9.4 0.05 19 11.6 5 10.2 0.06
Family situation
parents married 273 95.8 a7 88.7 0.29 153 93.3 44 89.8 0.42
parents divorced 1 0.4 1 1.9 -0.16 1 0.6 1 2.0 -0.13
parents seperated 3 1.1 2 3.8 -0.19 3 1.8 2 4.1 -0.13
parents remarried 4 1.4 2 3.8 -0.15 3 1.8 1 2.0 -0.01
foster family 0 0.0 0 0.0 0.00 0 0.0 0 0.0 0.00
widowed 4 14 1 1.9 -0.04 4 2.4 1 2.0 0.03
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Table 19
Descriptive Statistics of the Interval Scaled Vhalés in the Propensity Score Matching for
Adult Intelligence by Promoted and Retained StuglBefore and After Matching in Study 3.
Before Matching After Matching

Not retained (n = 327) Retained (n=41) Effect size Not retained ( n = 162) Retained (n = 41) Effect size
Matched Variables mean SD mean SD Cohen’s d mean SD mean SD Cohen’s d
Total number of children in family 29 15 3.3 1.6 -0.29 3.3 1.6 3.3 1.6 -0.03
Total number of people living in household 5.1 1.6 5.5 1.7 -0.29 55 1.7 55 1.7 -0.02
Highest parental SES 41.3 13.1 35.6 9.2 0.45 36.8 11.0 35.6 9.2 0.11
Participant: Birth rank 1.9 1.2 2.3 1.2 -0.28 2.2 1.4 23 1.2 -0.07

Note. SES = socioeconomic status

Table 20

Descriptive Statistics of the Not Interval Scaleigbles in the Propensity Score Matching for

Adult Intelligence by Promoted and Retained StuglBefore and After Matching in Study 3.

Before Matching After Matching
Not retained ( n = 327) Retained (n = 41) Effect size Not retained ( n = 162) Retained (n = 41) Effect size
Matched Variables n % n % Cohen’s h n % n % Cohen’s h
Gender
male 143 43.7 22 53.7 -0.22 75 46.3 22 53.7 -0.36
female 184 56.3 19 46.3 0.19 87 53.7 19 46.3 -0.08
Class gender configuration
only boys 60 18.3 14 34.1 -0.38 46 28.4 14 34.1 -0.27
only girls 91 27.8 12 29.3 -0.04 42 25.9 12 29.3 -0.21
mixed 176 53.8 15 36.6 0.34 74 45.7 15 36.6 -0.01
Parents working situation
both parents working 57 17.4 10 24.4 -0.18 44 27.2 10 24.4 -0.07
only father working 255 78.0 31 75.6 0.03 112 69.1 31 75.6 -0.48
only mother working 6 1.8 0 0.0 0.27 4 25 0 0.0 0.29
parents unemployed 9 2.8 0 0.0 0.33 2 1.2 0 0.0 0.20
Person learning with participant
nobody 112 34.3 11 26.8 0.15 53 32.7 11 26.8 -0.02
father 43 13.1 6 14.6 -0.05 12 7.4 6 14.6 -0.30
mother 108 33.0 15 36.6 -0.09 54 33.3 15 36.6 -0.23
siblings 18 55 2 4.9 0.02 13 8.0 2 4.9 0.07
somebody else / teacher 4 1.2 1 2.4 -0.09 2 1.2 1 2.4 -0.12
somebody else / privat 12 3.7 3 7.3 -0.17 9 5.6 3 7.3 -0.13
father and mother 20 6.1 1 2.4 0.18 11 6.8 1 2.4 0.16
mother and somebody else 5 1.5 1 2.4 -0.07 3 1.9 1 2.4 -0.07
father, mother, and siblings 5 1.5 1 2.4 -0.07 5 3.1 1 2.4 0.00
Nationality
Luxembourgish 284 86.9 32 78.0 0.21 135 83.3 32 78.0 -0.29
Italian 21 6.4 6 14.6 -0.28 13 8.0 6 14.6 -0.28
Portuguese 0 0.0 0 0.0 0.00 0 0.0 0 0.0 0.00
German 4 1.2 0 0.0 0.22 3 1.9 0 0.0 0.25
Spanish 2 0.6 0 0.0 0.16 2 1.2 0 0.0 0.20
Dutch 5 15 2 4.9 -0.20 2 1.2 2 4.9 -0.25
Belgian 4 1.2 0 0.0 0.22 3 1.9 0 0.0 0.25
French 3 0.9 1 2.4 -0.12 1 0.6 1 2.4 -0.18
none / other 4 1.2 0 0.0 0.22 3 1.9 0 0.0 0.25
Month participant was born
January 22 6.7 0 0.0 0.53 7 4.3 0 0.0 0.38
February 12 3.7 4 9.8 -0.26 6 3.7 4 9.8 -0.30
March 33 10.1 3 7.3 0.09 17 105 3 7.3 0.04
April 19 5.8 3 7.3 -0.07 7 4.3 3 7.3 -0.18
May 24 7.3 3 7.3 0.00 11 6.8 3 7.3 -0.08
June 28 8.6 1 2.4 0.28 11 6.8 1 2.4 0.16
July 27 8.3 1 2.4 0.27 12 7.4 1 2.4 0.18
August 22 6.7 5 12.2 -0.20 12 7.4 5 12.2 -0.23
September 24 7.3 4 9.8 -0.09 10 6.2 4 9.8 -0.19
October 23 7.0 8 195 -0.39 12 7.4 8 19.5 -0.44
November 48 14.7 2 4.9 0.34 29 17.9 2 4.9 0.34
December 45 13.8 7 17.1 -0.10 28 17.3 7 17.1 -0.10
Family situation
parents married 310 94.8 34 82.9 0.38 150 92.6 34 82.9 -0.26
parents divorced 2 0.6 1 2.4 -0.16 2 1.2 1 2.4 -0.12
parents seperated 2 0.6 4 9.8 -0.49 1 0.6 4 9.8 -0.51
parents remarried 3 0.9 1 2.4 -0.12 2 1.2 1 2.4 -0.12
foster family 1 0.3 0 0.0 0.11 1 0.6 0 0.0 0.14
widowed 9 2.8 1 2.4 0.02 6 3.7 1 2.4 0.03
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Annex D: Figures

People who remained in

the study

(n=2450)
IQ: M = 100.0 SD =15.0

Gender: 50.0% male
Nationality : 85.6% Lux.
Language at home :
94.9% Luxembourgish
6.5% French

5.8% Italian

2.4% German

1968: MAGRIP Study

pSES: M =39.8 SD=13.7

People who dropped out of the study in 2008

2008 |

¥

Elﬂ Address available

(n=2082)
1Q: M =100.3 SD =14.6

Gender: 49.1% male
Nationality : 86.9% Lux.
Language at home :
95.7% Luxembourgish
6.0% French

5.2% ltalian

2.1% German

pPSES: M =40.1 SD=13.6

No address available
(n=368)

IQ:M=98.5SD=17.0
pSES: M =38.5 SD =14.0
Gender: 54.9% male
Nationality : 78.3% Lux.
Language at home :
90.2% Luxembourgish
9.2% French

9.5% ltalian

4.1% German

IQ: M =100.8 SD=14.4

Gender: 48.3% male
Nationality : 87.4% Lux.
Language at home :
95.9% Luxembourgish
6.2% French

4.7% Italian

1.8% German

pPSES: M =39.9 SD=13.2

v v
EZJ Contacted Not contacted
(n=1432) (n=650)

IQ:M=99.2 SD=15.1
pSES: M=40.5 SD =14.4
Gender: 51.1% male
Nationality : 86.0% Lux.
Language at home :
94.2% Luxembourgish
5.5% French

6.2% Italian

2.8% German

IQ:M=103.0 SD=14.1

Gender: 45.5% male
Nationality : 87.3% Lux.
Language at home :
95.0% Luxembourgish
5.8% French

5.2% ltalian

2.0% German

pPSES: M =40.8 SD=12.7

1Q: M =98.3SD =138
pSES: M =39.2 SD=13.6
Gender: 49.2% male
Nationality : 87.8% Lux.
Language at home :
97.3% Luxembourgish
5.9% French

4.3% ltalian

1.4% German

v v v
[3J Participated in Household Study Refused to participate in No response / invalid address
(n=660) Household Study (n=510) (n=262)

1IQ: M =99.9SD =152
pSES: M =39.0 SD=13.6
Gender: 53.4% male
Nationality : 86.6% Lux.
Language at home :
95.4% Luxembourgish
8.0% French

4.6% Italian

2.3% German

v

v

(n=344)
IQ: M = 105.1 SD = 13.2

Gender: 43.6% male
Nationality : 87.5% Lux.
Language at home :
95.1% Luxembourgish
4.9% French

5.8% Italian

2.3% German

[Aﬂ Participated in Cognitive Testing

pSES: M =409 SD=12.8

Refused to participate in
Cognitive Testing (n=316)

IQ: M =100.8 SD = 14.7
pSES: M =40.5 SD=12.7
Gender: 47.5% male
Nationality : 87.0% Lux.
Language at home :
94.9% Luxembourgish
6.6% French

4.4% Italian

1.6% German
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Figure 9

Flowchart of the multistage sampling procedurenefdurrent study including information on
childhood characteristics for each subsample. ereral cognitive ability at age 12, pSES =
parental socioeconomic status at age 12 measurdeedS8EI| scale (Ganzeboom et al., 1992;
Ganzeboom & Treiman, 1996). Description of the mtdgge sampling procedure: Stage 1: In
2008, all available addresses of the former pasitis were identified via their social security
number. For this procedure, official permission whtined from the national commission of
data protection in Luxembourg (CNPD, Commissionamatie pour la protection des
données). The most frequent reasons for no avaikdidress were that these participants had
either died or moved out of the country. Stage @e b budgetary reasons of the current
research project, it was not possible to contaaifahe former participants for whom
addresses were available. Thus, a random sampldraas from the available addresses.
This sample was stratified for gender and regioresidence in 1968. Stage 3: In a household
study, participants were visited at home by traiméerviewers, and data was collected on
health, subjective wellbeing, educational and oatiopal paths. Stage 4: A subsample of
participants who took part in the household studg &olunteered to complete the
intelligence test. Specifically, data were firstiected in a group setting from 227
participants. To increase the sample size, 11Rduparticipants who were not able to attend
the group testing were visited at home by trairesessors who administered the intelligence
test individually. Note that the test administratfmocedure of the group setting and the
individual assessment strictly followed the staddaation requirements that were given in the

test manual to ensure comparability of results.
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People who remained in People who dropped out of the study in 2008
the study
1968: MAGRIP Study
(n=2007)
1Q: M =100.0 SD =15.0
pSES: M =41.3 SD=13.9
Gender: 51.0% female
Nationality : 87.8% Lux.
Language at home :
96.3% Luxembourgish
6.1% French
4.1% ltalian
2.2% German
2008 l
m Address available No address available
(n=1750) (n=257)
1Q: M =99.6 SD=14.7 IQ: M =101.0SD =17.0
pSES: M =41.3 SD=13.8 pSES: M =41.2SD =144
Gender: 51.9% female Gender: 44.7% female
Nationality : 88.4% Lux. Nationality : 84.0% Lux.
Language at home : Language at home :
96.8% Luxembourgish 92.6% Luxembourgish
5.7% French 8.9% French
3.9% Italian 5.1% lItalian
1.8% German 4.7% German
[
v v
@ Contacted Not contacted
(n=1225) (n=525)
1Q: M =100.1 SD=14.5 IQ:M=99.2 SD=15.1
pSES: M =409 SD=13.4 pSES: M =422 SD=146
Gender: 52.5% female Gender: 50.5% female
Nationality : 88.3% Lux. Nationality : 88.6% Lux.
Language at home : Language at home :
96.4% Luxembourgish 97.7% Luxembourgish
5.9% French 5.1% French
4.0% Italian 3.8% lItalian
1.6% German 2.3% German
[
v v v
@ Participated in Household Study Refused to participate in No response / invalid address
(n=585) Household Study (n=426) (n=214)
1Q: M =102.2 SD=14.3 IQ: M=97.3SD=14.1 1Q: M =100.1SD =15.1
pSES: M =40.8 SD =127 pSES: M =39.2 SD=13.6 pSES: M =39.0 SD=13.6
Gender: 54.7% female Gender: 52.1% female Gender: 47.2% female
Nationality : 88.4% Lux. Nationality : 88.5% Lux. Nationality : 87.9% Lux.
Language at home : Language at home : Language at home :
95.6% Luxembourgish 97.7% Luxembourgish 96.3% Luxembourgish
5.3% French 5.9% French 7.5% French
4.1% Italian 4.0% Italian 3.7% ltalian
2.1% German 0.7% German 2.3% German
[
v v
@ Participated in Cognitive Testing Refused to participate in
(n=316) Cognitive Testing (n=269)
1Q: M =104.0 SD =13.5 1Q: M =100.0 SD = 14.8
pSES: M =415 SD=13.0 pSES: M =41.7 SD=13.0
Gender: 56.0% female Gender: 53.2% female
Nationality : 89.2% Lux. Nationality : 87.4% Lux.
Language at home : Language at home :
95.9% Luxembourgish 95.2% Luxembourgish
4.1% French 6.7% French
3.5% ltalian 4.8% lItalian
2.5% German 1.5% German
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Figure 10

Flowchart of the multistage sampling procedurehefdurrent study in 2008 including
information on childhood characteristics for eachsample. 1Q = general cognitive ability at
age 12, pSES = parental socioeconomic status dtzagesasured on the ISEI scale
(Ganzeboom et al., 1992; Ganzeboom & Treiman, 199€3cription of the multistage
sampling procedure: Stage 1: In 2008 first, alilawbée addresses of the former participants
were identified via their social security ID. Fard procedure, official permission was
obtained from the national commission of data mtide in Luxembourg (CNPD,
Commission nationale pour la protection des donn&tage 2: A random sample was drawn
from the available addresses this sample wasfstthfor gender and region of residence in
1968. Due to budgetary reasons of the current relsg@oject, it was not possible to contact
all of the former participants for whom the addesswere available. Stage 3: In a household
study, participants were visited at home by traiméerviewers, and data was collected on
health, subjective wellbeing, educational and oatiopal paths. Stage 4: Data on cognitive
tests was collected from participants who took jrathe household stuflySpecifically, first
data was collected from 212 participants in a greeting. To enhance the sample size, 103
further participants, who were not available atdhees of the group testing, were visited at
home. All cognitive tests were assessed by traasseéssors and the test taking procedure

strictly followed the standardization of the tesinual.

8 Of those 316 participants at this stage, datamiasing for one person on the school type variakés person
had to be excluded from the structural models, thaging a longitudinal sample of 315 participdiotsthe

current study.
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