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The etiology of individual differences in educational attainment and occupational status includes genetic as 54 
well as environmental factors1–5 and can change as societies change3,6,7. The extent of genetic influence on 55 
these social outcomes can be viewed as an index of success in achieving meritocratic values of equality of 56 
opportunity by rewarding talent and hard work, which are to a large extent influenced by genetic factors, 57 
rather than rewarding environmentally driven privilege.  To the extent that the end of the Soviet Union and 58 
the independence of Estonia led to an increase in meritocratic selection of individuals in education and 59 
occupation, genetic influence should be higher in the post-Soviet era than in the Soviet era. Here we 60 
confirmed this hypothesis: DNA differences (single-nucleotide polymorphisms, SNPs) explained twice as 61 
much variance in educational attainment and occupational status in the post-Soviet era compared to the 62 
Soviet era in both polygenic score analyses and SNP heritability analyses of 12 500 Estonians. This is the 63 
first demonstration of a change in the extent of genetic influence in the same population following a massive 64 
and abrupt social change – in this case, the shift from a communist to a capitalist society.  65 
 66 
 67 
 68 
 69 
 70 
 71 
 72 
  73 
 74 
 75 
 76 
 77 
 78 
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Socioeconomic status (SES), a composite index of educational attainment and occupational status, has been 79 
shown to be associated with a range of life outcomes from life satisfaction and happiness, to physical and 80 
mental health, and even life expectancy8–12. Individual variation in SES in a population has often been 81 
assumed to be explained entirely by environmental factors. Twin and adoption studies, however, suggest 82 
that individual differences in SES are substantially genetic in origin1–5, with heritability estimates from twin 83 
studies of about 50%, meaning that around half of the individual differences in SES can be explained by 84 
inherited differences in individual’s DNA sequence. It is now possible to estimate heritability directly from 85 
DNA using hundreds of thousands of DNA differences (single nucleotide polymorphisms, SNPs) genotyped 86 
on microarrays (SNP chips) in samples of thousands of unrelated individuals13. Data of this sort are 87 
available for many traits, including SES, as a by-product of genome-wide association (GWA) studies. 88 
Unlike GWA analysis, which aims to identify specific SNPs associated with a trait, SNP heritability relates 89 
overall similarity between individuals across all SNPs on a SNP chip to the individuals’ phenotypic 90 
similarity on a trait, without knowing which SNPs are associated with the trait.  91 
 92 
SNP heritabilities have been estimated as about 20% for educational attainment, occupational status, and 93 
combined SES 4,14–18.  SNP heritability (20%) is less than heritability estimates from twin studies (50%) 94 
because SNP heritability, like GWA analysis, is limited to the additive effects of common SNPs included on 95 
SNP chips. For this reason, SNP heritability is the ceiling for GWA studies.  96 
 97 
GWA data can also be used to create genome-wide polygenic scores (GPS) that aggregate thousands of SNP 98 
associations across the genome to predict the trait of interest. Individual SNP associations typically account 99 
for less than 0.1% of the variance, so are not individually useful for prediction. GPS can be created for each 100 
individual and correlated with a trait in an independent sample, which yields an index of what could be 101 
called GPS heritability, the extent to which GPS can explain variance in a trait. A GPS from a GWA study 102 
of educational attainment (EduYears)19 predicts 4% of the variance of educational attainment in independent 103 
samples19–22. No GWA studies of occupational status have been reported, but educational attainment and 104 
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occupational status correlate about 0.50 phenotypically23–25, and the EduYears GPS for educational 105 
attainment predicts 2% of the variance of occupational status21, 2% of the variance of SES21,26, and 7% of 106 
the variance of family SES using children’s DNA27. GPS heritability (2-7%) is lower than SNP heritability 107 
(20%) in part because GPS heritability is limited to specific SNPs shown to be associated with a trait and it 108 
includes the trait’s measurement error.  109 
 110 
Heritability -- including GPS, SNP and twin heritability -- refers to the proportion of individual differences 111 
that can be explained by inherited differences in individuals’ DNA in a particular population at a particular 112 
time. It describes what is, not what could be28.  The reported heritability of educational attainment and 113 
occupational status from twin studies differs across birth cohorts and across countries2,3,5,19,6,7,29. Specifically 114 
it has been hypothesized that heritability of educational attainment can change following reform in 115 
educational policy2,6. Higher heritability estimates in twin studies have been noted in countries where 116 
educational curriculum is highly standardized, such as the UK, because the standardization reduces 117 
environmental differences between schools30.  However, research so far has yielded mixed results, with 118 
some studies showing change in heritability estimates following a change in curriculum, or changes in the 119 
heritability of achievement across birth cohorts, and other studies not showing such an effect3,6,29. The major 120 
limitation to date is that most research has been greatly underpowered; the twin method requires several 121 
thousand twin pairs to achieve sufficient power to detect such gene-environment interactions31.  122 
 123 
Few studies have investigated changes in SNP heritability as a function of environmental change4,19; this 124 
method requires several thousand unrelated individuals to detect gene-environment interactions. Only one 125 
study has explored secular changes in GPS heritability. Using EduYears GPS, GPS heritability of 126 
educational attainment was reported to be greater in older as compared to younger cohorts in Sweden19. This 127 
decline in heritability is opposite to the results found in a twin study in Norway2 and also in recent meta-128 
analyses of twin data3. However, no evidence has yet been reported for significant changes in GPS or SNP 129 
heritability estimates following a major and abrupt social change.  130 
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 131 
Here we use GPS heritability and SNP heritability to estimate genetic influence on individual differences in 132 
educational attainment and occupational status for 12 500 adults participating in the Estonian Genome 133 
Centre, University of Tartu (EGCUT).  EGCUT affords the unique opportunity to compare heritabilities in a 134 
single population before and after the collapse of the Soviet Union. Estonia was occupied by the Soviet 135 
Union after World War II and regained independence in 199132.   136 
 137 
The post-Soviet era is generally assumed to be more meritocratic in the sense that access to education and 138 
occupation is to a greater extent based on ability32,33. Given that education- and occupation-related abilities 139 
are substantially due to inherited DNA differences between individuals, the greater equality of opportunity 140 
implied by meritocracy should diminish the impact of environmental inequalities such as privilege or 141 
privation. Inherited DNA differences will remain and will account for a relatively larger portion of 142 
differences among individuals.  In this sense, heritability can be viewed as an index of equality of 143 
opportunity and meritocracy. In an entirely genetically driven meritocracy, genetic differences in ability 144 
would account for all individual differences in educational attainment and occupational status. 145 
Environmental differences that convey privilege or privation would account for none.   146 
 147 
We used the EGCUT sample to test the hypothesis that heritability of educational attainment and 148 
occupational status differs after a major environmental change. We compared SNP heritability and GPS 149 
heritability for educational attainment and occupational status before and after the collapse of the Soviet 150 
Union in Estonia.  If independence led to greater meritocracy in terms of increased environmental 151 
opportunity, the heritability of educational attainment and occupational status should be higher for 152 
individuals who lived the majority of their studying and working lives in independent Estonia as compared 153 
to those who lived during the Soviet Union.  154 
 155 
Supplementary Table 1 shows means and standard deviations for height, educational attainment, 156 
occupational status and SES for the whole sample, males and females separately and for historical eras 157 
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separately. ANOVA results indicate that historical group and sex explained up to 4% variance for the SES 158 
variables. For subsequent analyses, we controlled for sex effects by using sex-regressed standardized 159 
residuals.  160 
 161 
Figure 1 compares GPS heritability in the Soviet and post-Soviet eras for the EduYears GPS (see Methods).  162 
For the whole sample, GPS heritability was 1.9% for occupational status and 2.3% for educational 163 
attainment (Figure 1). Using the less stringent cut-off of 15 years (Figure 1a), GPS heritability was 164 
significantly greater in the post-Soviet era compared to Soviet era for occupational status and educational 165 
attainment (see Supplementary Table 2 for all comparisons). These results are based on a GPS calculated at 166 
a 0.1 GWA study p-value threshold, which provided on average the best prediction across phenotypes and 167 
across historical eras. (Supplementary Figure 1 shows variance explained across multiple thresholds.) 168 
 169 
The more stringent cut-off of 10 years yielded even larger GPS heritability differences (Figure 1b). For 170 
occupational status, GPS heritability was significantly greater in the post-Soviet era (5.6%) compared to the 171 
Soviet era (1.7%). Similarly for educational attainment, GPS heritability was significantly greater in the 172 
post-Soviet era (6.1%) than the Soviet era (2.1%). (See Supplementary Table 2 for all comparisons, 173 
including the composite SES score.)   174 

--------------------------------------------- 175 
<< Insert Figure 1 here >> 176 

   --------------------------------------------- 177 
The GPS heritability estimates for composite SES (see Supplementary Figure 1) in the post-Soviet era 178 
(~7%) are in line with the GPS heritability estimates obtained in the UK27 , a meritocratic society, for family 179 
SES using offspring GPS. The difference arises from a significantly lower GPS heritability in the Soviet era. 180 
The results were very similar when additional analyses were run using variables that were not sex corrected 181 
(Supplementary Figure 2) and taking the transition period between Soviet and post-Soviet era into account 182 
(Supplementary Figure 3).  183 



RUNNING TITLE: GENETIC MERITOCRACY IN ESTONIA 

 7

 184 
GPS heritability was also calculated for males and females separately (Supplementary Figure 4). The 185 
difference between GPS heritability in the Soviet and post-Soviet era was substantially greater for females 186 
compared to males, especially when a stricter cut-off of 10 years was used. This finding suggests that 187 
increased meritocracy after the Soviet era especially favored women, although the sample size and therefore 188 
the power of analyses were reduced when the sample was divided by gender.   189 
 190 
We explored the extent to which the difference in GPS heritability between the Soviet and post-Soviet era 191 
differs by birth cohort. We divided the sample into birth cohorts using 10-year and 5-year intervals 192 
(Supplementary Figure 5). The difference in GPS heritability was greatest between the oldest and youngest 193 
birth cohort, the two birth cohorts that most clearly represent the Soviet versus post-Soviet. During the 194 
Soviet era, GPS heritability estimates fluctuate across birth cohorts but do not show a general trend of 195 
increasing GPS heritability, which could suggest that birth order itself underlies the Soviet versus post-196 
Soviet GPS heritability difference. (See Supplementary Figure 6 for the distribution of sample size and SES 197 
for the Soviet and post-Soviet birth cohort groups and Supplementary Figure 7 for the distribution of 198 
EduYears GPS for the Soviet and post-Soviet birth cohort groups.) 199 
 200 
We also calculated GPS scores using summary statistics from a GWA analysis of household income and 201 
social deprivation14, although this study was conducted using only the UK Biobank sample (N~112,000). 202 
However, these GPS scores are much less powerful predictors, explaining less than 1% of variance in 203 
independent samples. For this reason, these GPS scores explained less than 1% of the variance in our SES 204 
variables regardless of the historical era (Supplementary Figure 8-9).  205 
 206 
We also used height as a control variable.  EduYears GPS heritability was less than 1% regardless of the 207 
historical era (Supplementary Figure 10). This slight association is to be expected because height correlates 208 
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significantly but slightly with SES variables.  For example, the genetic correlation between household 209 
income (a good proxy for SES) and height has been shown to be around 0.214.  210 
 211 
Turning to SNP heritability, it should be noted our sample had much less power to detect SNP heritability 212 
differences between the Soviet and post-Soviet groups. For the whole sample, SNP heritabilities were 15% 213 
(SE 0.03) for occupational status and 18% (SE 0.03) for educational attainment (Figure 2). Despite having 214 
less power to detect SNP heritability, SNP heritabilities were almost twice as high in the post-Soviet than 215 
the Soviet era for educational attainment using age 15 as a cut-off (Figure 2). In the Soviet era, SNP 216 
heritabilities were 17% (SE 0.04) for occupational status and 18% (SE 0.04) for educational attainment. In 217 
contrast, in the post-Soviet era, SNP heritabilities were 23% (SE 0.16) and 37% (SE 0.14), respectively. 218 
Although SNP heritabilities were larger in the post-Soviet era, these differences were not significantly 219 
different as is evident from the standard errors.  220 

--------------------------------------------- 221 
<< Insert Figure 2 here >> 222 

--------------------------------------------- 223 
Height was also used as control variable for analyses of SNP heritabilities. SNP heritability was 32% for 224 
height in the whole sample. For the Soviet era, SNP heritabilities was 33% for height, however, the post-225 
Soviet estimates were not significantly different (40%) (Supplementary Figure 11).  226 
 227 
Our main finding is that heritabilities are higher for SES variables in the post-Soviet era as compared to the 228 
Soviet era in the same Estonian population. GPS heritability for the composite SES measure (mean of 229 
educational attainment and occupational status) was 7.5% in the post-Soviet era and 2.3% in the Soviet era 230 
using the more stringent cut-off of 10 years. The variance in SES explained by the EduYears GPS seems 231 
small compared to the twin study estimates of about 50% and SNP heritability estimates of about 25%. 232 
However, we are only in the early stages of GPS research and the predictions are becoming stronger.  SNP 233 
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heritabilities showed a similar trend as GPS heritabilities: SNP heritabilities for educational attainment were 234 
twice as high in the post-Soviet era (37%) as compared to the Soviet era (17%).   235 
 236 
A possible explanation for the increased heritability is increased meritocracy in Estonia following the 237 
restoration of independence in 1991. By meritocracy, we refer to equal opportunity for access to education 238 
and occupation and, when selection occurs, to meritocratic selection based on talent and effort, which are 239 
substantially influenced by genetic factors, rather than on environmentally driven privilege or 240 
discrimination. A meritocratic mechanism for the increased heritability of educational attainment and 241 
occupational status in the post-Soviet era would be genotype-environment correlation in the sense that 242 
individuals with equal opportunities are better able to select or to be selected for educational and 243 
occupational environments correlated with their genetic propensities. When environmental differences in 244 
access to education and occupation diminish, genetic differences increasingly account for educational 245 
attainment and occupational status.  246 
 247 
There are of course other possible explanations for increased GPS heritability in the post-Soviet era. The 248 
largest increase in GPS heritability was observed for the participants who were in the youngest cohort when 249 
Estonia regained the independence. Much has changed in the society after the collapse of the Soviet Union, 250 
including wealth, culture, values -- all of which might contribute to the change in GPS heritability for the 251 
cohort who lived, studied and worked the majority of their lives in independent Estonia. Migration and 252 
changing population dynamics could also have affected the study results, although it should be noted that 253 
there was substantial migration during the Soviet era (within the Soviet Union) as well as after the Soviet 254 
era. However, we see no substantive hypothesis about the increased heritability following the collapse of the 255 
Soviet Union as obvious as increased meritocracy, although this cannot be definitely tested. One point in 256 
favor of the meritocracy hypothesis is that GPS heritability for SES in modern post-Soviet Estonia is similar 257 
to GPS heritability in the UK, presumably a meritocratic society. The difference is that GPS heritability for 258 
SES is lower in the Soviet era.  259 
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Another possible explanation is methodological.  GPS scores were calculated for EduYears on the basis of a 260 
meta-analytic GWA of heterogeneous cohorts.  If the GWA discovery sample weights were closer to the 261 
post-Soviet sample in the present study, then more variance would be explained in the post-Soviet compared 262 
to Soviet sample. 263 
 264 
 265 
Equal educational opportunities 266 
The meritocracy hypothesis assumes that educational and occupational success was less meritocratic in the 267 
Soviet era. In the Soviet era, access to primary education was universal and universal secondary education 268 
was introduced in the 1960s. However, the quality of teaching and even the curricula varied widely across 269 
schools34,35.  Within schools, students were divided into one of the three different tracks, with limited 270 
movement between tracks: vocational training, secondary education and (special) secondary education36. 271 
This tracking was partly done based on merit (school achievement), but social-political ranking played a 272 
significant part as well.  The number of students admitted to each track depended on the economic and 273 
social goals of central planning at the time; individual aspirations and ability were not considered to be as 274 
important35.  Access to tertiary education from lower ‘ranks’ in the social-political system was limited; for 275 
example, students who were religious were not admitted34,36. In this way, the Soviet education system 276 
created environmental inequalities both directly and indirectly35. Importantly, university education was not 277 
as highly valued in society as it is now and this was accompanied by limited competition for university 278 
places, with an average of only two applicants per position. Admissions to university remained low 279 
throughout the Soviet era, which restricted any selection, meritocratic or not.  280 
 281 
Since regaining independence, education in Estonia has become more meritocratic in terms of educational 282 
opportunity. Many educational reforms were introduced after the collapse of the Soviet Union with the aim 283 
of building a more egalitarian and effective educational system. Currently, almost all students complete 284 
elementary education and the rate of completing secondary education is among the highest in the OECD 285 
countries. Estonian equality in education is now above the OECD average, with limited variation in teaching 286 
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standards between schools. The quality of teaching is considered to be excellent according to international 287 
standards and Estonia is ranked among the highest performing educational systems according to PISA 288 
surveys in 2012 and 201537,38.  This overall educational excellence, and the limited number of selective or 289 
private schools, suggests that there is equal opportunity and access to good education for all at primary and 290 
secondary level of education. We hypothesized that equality of opportunity should increase the heritability 291 
of educational achievement by making it possible for children to select, modify and choose educational 292 
experiences correlated with their education-related genetically influenced propensities, which include 293 
appetites as well as abilities.  Educational achievement in turn contributes importantly to eventual 294 
educational attainment and occupational status. 295 
 296 
For tertiary education, in addition to self-selection, students are now selected for university largely on the 297 
basis of ability and prior achievement, rather than environmentally driven privilege. Selection is not based 298 
on socio-political or religious considerations as in the Soviet era. Nor is selection based on the ability to pay 299 
tuition, because almost all university education is free. There is also greater opportunity for selection for 300 
university admission in the post-Soviet era because university applications and admissions increased 301 
exponentially in the 1990s; for example, applications to University of Tartu have increased threefold 302 
compared to the Soviet era34.     303 
 304 
Equal access to occupation 305 
During the Soviet era, the economy and labor market was mainly characterized by centralized control, with 306 
the majority of workforce assigned to jobs in manufacturing and agriculture. Occupational status was 307 
determined more by loyalty to the communist party than by ability, achievement or qualifications.  308 
Recommendations for job positions and promotion always came from party leaders, although educational 309 
qualifications were also needed for certain positions39. The economy and labor market had very limited 310 
workforce mobility36.  311 
 312 
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Inequality in occupations during the Soviet era was even more dramatic for females than males. During the 313 
Soviet era there was an increase in participation of women in workforce, meaning that both men and women 314 
were largely employed. However, this did not lead to occupational equality; women often did jobs requiring 315 
lower level of skills40.  Although Soviet ideology argued for gender equality, this was not carried out in 316 
practice41.  317 
 318 
The transition from the Soviet Union to a prosperous independent Estonia was more difficult than 319 
anticipated.  After the restoration of independence in Estonia the living standards were low, the economy 320 
was struggling, and the situation worsened with a major recession until 1994 when Estonia joined the 321 
European Union32,33. Equality of opportunity increased as the Estonia became more integrated with the 322 
west42. 323 
 324 
These historical events may explain why EduYears GPS did not explain more variance in SES in the 325 
transition time compared to the Soviet era. Our results suggested that EduYears GPS heritability is greatest 326 
for the youngest participants who had lived, studied and worked in independent Estonia the longest.  327 
Gender equality in Estonia started to improve, albeit gradually, after the collapse of the Soviet Union43. This 328 
was mirrored by an interesting facet of the results in the present study showing that GPS heritability 329 
increased more dramatically for females compared to males following the collapse of the Soviet Union. 330 
These results further support the meritocratic hypothesis specifically in relation to gender. 331 
 332 
Future research directions 333 
The present analyses excluded participants who were younger than 25 at the time of data collection because 334 
they may not yet have achieved their highest educational qualifications or reached their highest occupational 335 
status. Linking the EGCUT database with data from the Estonian Department of Education will make it 336 
possible in the future to include those individuals who were excluded as they complete their education and 337 
reach their ultimate occupational status. This will increase the size of our post-Soviet sample and thus the 338 
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power of our SNP and GPS heritability comparisons. Because these individuals grew up completely in the 339 
post-Soviet era, we predict that they will show even greater heritability of SES. Increased sample size would 340 
also provide greater power to investigate further gender differences in GPS heritability.  341 
 342 
Another interesting direction for research concerns the relationship between education and fecundity. 343 
Decreased fecundity in Iceland among highly educated citizens has been reported to result in lower GPS 344 
scores for EduYears, although the effect is very small20.  According to Statistics Estonia, the population in 345 
Estonia has been decreasing for decades (http://www.stat.ee/news-release-2017-008), although it increased 346 
for the first time in 2016. We plan to investigate the extent to which decreasing fecundity comes 347 
disproportionately from highly educated individuals, in which case we might expect lower average GPS in 348 
the most recent birth cohorts. Our preliminary analyses did not support this hypothesis in that the average 349 
EduYears GPS did not differ across birth cohorts (Supplementary Figure 12), although we did not study 350 
fecundity here.  351 
 352 
Studying parent-offspring resemblance to understand intergenerational social mobility is also part of our 353 
future research plans in EGCUT. Intergenerational social mobility is often assumed to be solely due to 354 
environmental factors.  For example, the OECD uses parent-offspring resemblance in SES outcomes to 355 
assess intergenerational social mobility, assuming that this resemblance is environmentally mediated.  Our 356 
current results and results from other studies show that educational and occupational outcomes are partly 357 
explained by genetic factors. Because parents and offspring are on average 50% similar genetically, parent-358 
offspring resemblance is also likely to show genetic influence for SES. From this perspective, parent-359 
offspring resemblance could be viewed as an index of equality rather than inequality. In other words, if 360 
environmental inequalities were eliminated, genetic resemblance between parents and offspring would 361 
completely account for parent-offspring resemblance.  362 
 363 
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While our analyses provided evidence for changes in GPS and SNP heritabilities following the major social 364 
change from a communist to a capitalist society, no definite conclusions can be drawn. It will be necessary 365 
to replicate the results of the present analyses using data from a different country that has gone through 366 
similar abrupt social change. A country that used to be part of the Soviet Union and has regained 367 
independence would be ideal; however, we are not aware of such a replication sample available at this time. 368 
We hope that our results lead to future molecular genetic studies researching gene-environment interactions 369 
of this sort that are now possible using GPS scores.  370 
 371 
Another direction for future research is to consider intermediate phenotypes such as cognitive abilities that 372 
might mediate these changes in the distal outcomes of educational attainment and occupational status. In 373 
addition, the precision and power of all of these SNP and GPS analyses will increase as the power of GWA 374 
studies increases.  375 
 376 
Meritocracy or social justice? 377 
 378 
In closing, we wish to emphasize that we are not advocating meritocracy, although these issues are more an 379 
issue of values than science. At first glance meritocracy seems unquestionably good, but it could have 380 
unintended consequences such as creating social inequalities if societal rewards such as wealth are doled out 381 
on the basis of genetically driven abilities. The word meritocracy was coined by Michael Young whose 382 
book, The Rise and Fall of the Meritocracy44, was meant as a cautionary tale about the dangers of 383 
meritocracy. The value system underlying meritocracy is that the point of education is to get better test 384 
scores in order to get better jobs, and that the point of occupations is to achieve high status and make lots of 385 
money. A different way to look at education is as a time to learn basic skills but also to learn how to learn 386 
and to enjoy learning. It is a decade when children can find out what they like to do and what they are good 387 
at doing, finding their genetic selves. If education were universally good, there would be no need for 388 
selection, especially at the level of primary and second education, and thus there would be no need to apply 389 
meritocratic criteria.  390 
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 391 
Similarly with occupations, where selection cannot be avoided, we will end up with a lot of frustrated people 392 
if we only value high-status occupations that earn lots of money. Society needs people who are good care 393 
workers, nurses, plumbers, public servants, and people in the service industry. To the extent that selection is 394 
necessary it should be meritocratic, but it is possible to imagine an occupational system that is not driven so 395 
much by monetary reward. For example, society could choose to reduce income inequality with a tax system 396 
that redistributes wealth.  397 
 398 
In his book, The Myth of Meritocracy, James Bloodworth (2016)45 argues that meritocracy leads to an 399 
inherent inequality of opportunity and reward based on genetic differences. He suggests that we need to 400 
replace meritocracy with what he calls a just society in which everyone could live well.   401 
 402 
Methods 403 
Sample 404 
The sample for the present study was drawn from the Estonian Genome Centre, University of Tartu 405 
(EGCUT) sample. Ethical approval was granted by the Research Ethics Committee of the University of 406 
Tartu (approval 245/T-16).  407 
EGCUT is a population-based study with a sample size of over 52 000 individuals (all participants ≥18 years 408 
of age), which comprises 5% of the adult population in Estonia. Genome-wide genetic data are available for 409 
approximately 20 000 of these individuals.  EGCUT has been shown to be representative of the Estonian 410 
population in terms of age and geographical location while females are overrepresented, 66% female as 411 
compared to 55% in the adult population in Estonia47. EGCUT is also reasonably representative in terms of 412 
educational attainment when compared to national figures from the Department of Statistics Estonia 413 
(http://www.stat.ee/phc2011) (Supplementary Table 4). The initial sample for the present study included all 414 
participants with available genotypic and phenotypic data. All individuals who were 25 or younger were 415 
excluded from the analyses, as it is possible that these young individuals had not yet reached their highest 416 
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educational level and highest occupation. The sample size before exclusions included 17 990 participants (7 417 
409 males and 10 581 females). After exclusions (removing participants who were under 25 at the time of 418 
data collection and following quality control) the sample size was reduced to 12 490.  Sample size for each 419 
measure separately is presented in Supplementary Table 1.   420 
 421 
The sample was divided into two historical eras: the Soviet era and the post-Soviet era. Estonia regained 422 
independence in 1991; consequently, all participants who were born on or after 1976 went into secondary or 423 
further education in the post-Soviet era (i.e., they were aged 15 or younger when Estonia regained 424 
independence) and the rest of the sample was aged 16 or older when Estonia regained independence. This is 425 
an arbitrary cut-off that does not take into account the transition time between communist to capitalist 426 
society since societal changes take time to have an effect on people’s lives. We assumed that young 427 
individuals were in the middle of their educational career, still making decisions about their universities and 428 
post-graduate degrees. We therefore repeated the analyses allowing for a transition period before and after 429 
the collapse of the Soviet Union assigning participants who were 16-25 year olds in 1991 to a ‘transition’ 430 
group. In addition, we used another cut-off to define the Soviet and post-Soviet groups, assigning all 431 
participants who were aged 10 or younger at the time of the restoration of independence in Estonia to the 432 
post-Soviet group and participants who were older than 10 years to the Soviet group.  433 
 434 
Measures 435 
Educational attainment  436 
Educational attainment was assessed using a 10-point self-reported scale from no elementary education to 437 
postgraduate degree. The measure and scoring followed closely the International Standard Classification of 438 
Education (ISCED: http://www.uis.unesco.org/Education/Pages/international-standard-classification-of-439 
education.aspx). However, some participants were studying towards an undergraduate or postgraduate 440 
degree at the time of the data collection, so additional points were added to the scale. Our measure included 441 
the following 10 categories (rather than the 8 categories that were in the original scale) for educational 442 
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attainment: (1) no educational qualifications, (2) elementary school education, (3) basic education/ junior 443 
grade of high school, (4) secondary school/high school education, (5) vocational qualification/community 444 
college, (6) professional higher education, (7) studying towards university degree, (8) university degree, (9) 445 
studying towards postgraduate degree, (10) postgraduate degree.  446 
Occupational Status 447 
Occupational status was assessed with two questions: “What is your professional status right now?” and 448 
“What has been your main professional status (the occupation you kept the longest)?” These occupational 449 
status responses were scored according to the International Standard Classifications of Occupations (ISCO: 450 
http://www.ilo.org/public/english/bureau/stat/isco/). ISCO is a widely used and reliable measure48–51. ISCO 451 
classification assigns occupational status to broad groups (as well as more specific subgroups), taking into 452 
account the skills and education level required for occupation as well as the potential earnings. The present 453 
study used nine occupational status groups, classified in ISCO as the following categories, scored from 1 to 454 
9 respectively: (1) elementary occupations (cleaners, helpers, laborers), (2) plant and machine operators, 455 
assemblers, (3) craft and related trades workers, (4) skilled agricultural, forestry and fishery workers, (5) 456 
service and sales workers,  (6) clerical support workers, (7) technicians and associate professionals, (8) 457 
professionals, (9) legislators, senior officials and managers. The current occupational status and the main 458 
occupational status correlated 0.46. Both the current and the main occupational status had missing data; 459 
therefore, to increase power and sample size, a composite measure of occupational status was created by 460 
taking the mean of current and the longest held occupations; if only one measure were available then that 461 
measure was used. The same measure was used for both the Soviet and post-Soviet eras. Although, the 462 
classification of occupational status and the potential pay could have been different during the Soviet era, we 463 
assume that occupational positions (and the prestige of them) still fit into the broad ISCO categories.  464 
SES 465 
Because educational attainment and occupational status correlated 0.62, we calculated a mean as an index of 466 
general socioeconomic status (SES). SES is usually operationalized as a composite measure that includes 467 
income as well as occupational status and educational attainment. Although the measure of SES used in the 468 
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present study does not include family income, occupational classification takes into account the potential 469 
earnings and prestige of the occupation. Therefore, we consider our composite measure of occupational 470 
status and educational attainment to be a reasonable index of SES.  471 
Height  472 
Height was used as control variable in the analyses; we had no hypothesis about changes in the SNP or GPS 473 
heritabilities following the shift from a communist to a capitalist society. Height was assessed in person by 474 
the researchers and was measured in cm.  475 
Genotyping 476 
Venous blood was collected from all 52 000 participants of EGCUT. DNA and plasma were immediately 477 
extracted from the blood and stored in EGCUT Core Laboratory of EGCUT in Tartu, Estonia. Genome-wide 478 
genotyping was assayed for 20 000 participants using three Illumina arrays: Illumina HumanCoreExome, 479 
Illumina Human370 CNV and Illumina OmniExpress in the Core Laboratory of EGCUT in Tartu, Estonia. 480 
Data were harmonized across the three arrays and harmonized data were used for all analyses (see Quality 481 
Control).  482 
Quality Control 483 
Genotype quality control were performed using Illumina GenomeStudio 3.1 and PLINK 1.0752. Standard 484 
quality control analyses were conducted at both the individual level and the SNP level excluding individuals 485 
with genotype call rate < 95%, sex discrepancies (using the heterozygosity rate of X-chromosome) and 486 
excess heterozygosity (mean±3SD). Additionally, duplicates and multidimensional-scaling (MDS) outliers 487 
were excluded. At the SNP level, we excluded SNPs with minor allele frequency (MAF) < 1%, call rate < 488 
95%, failure of the Hardy-Weinberg Equilibrium (HWE) exact test (threshold 1*10-6), A/T or C/G and sex 489 
chromosome SNPs were removed. Phasing and imputation of the cleaned data were performed using 490 
ShapeIT v253 and IMPUTE v2.3.154 with 1000 Genomes Phase 3 Oct 2014 imputation reference panel based 491 
on 5 008 haplotypes4 (www.1000genomes.org). IMPUTE2 builds custom-reference panels for each 492 
individual to be imputed and so is the best-suited software for imputing genotype data from Estonians, for 493 
whom no population-specific reference panel exists. 494 
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 495 
After imputation, further quality control was carried out. SNPs with MAF < 1%, and SNPs with poor 496 
imputation quality (info score < 0.30) or failure of the HWE exact test (threshold 1*10-6) were removed. We 497 
harmonized the genotyped datasets across the 3 arrays removing duplicate individuals and duplicate 498 
markers. Other standard quality control methods were applied removing SNPs and samples with call rate 499 
<0.97. The quality control was performed on each array separately, and was repeated after harmonization. 500 
After harmonization and quality control the final sample included 4 052 281 variants and 16 397 individuals 501 
(see Supplementary Table S5 for number of SNPs dropped after each step of quality control).  502 
 503 
To control for ancestral stratification, principal component analyses were performed after pruning to remove 504 
markers in linkage disequilibrium (200kb window using R2> 0.05). The first 10 principal components were 505 
used as covariates in the genetic analyses.  506 
 507 
Statistical Analyses 508 
Means and variances for measures were calculated, comparing the Soviet era and post-Soviet era, as well as 509 
sex differences. Mean differences were tested using ANOVA (Supplementary Table 1). Because significant, 510 
though small, sex differences emerged for both occupational status and educational attainment, explaining 2-511 
4% of the variance in SES measures, we corrected the measures for mean sex differences using the 512 
regression method. In addition, we repeated the analyses without sex correction and calculated the variance 513 
explained by GPSs created separately for males and females. No correction for multiple testing was done, as 514 
all analyses tested just one hypothesis and we were interested in the effect size rather than the significance 515 
level.  516 
Genome-wide polygenic scores  517 
Genome-wide polygenic scores (GPSs) aggregate the effects of individual SNPs shown to be associated 518 
with the trait in a GWA study55. GPSs were calculated for 16 398 participants using p-values and β- weights 519 
obtained from summary statistics from the  Okbay et al (2016) GWA analysis19 of years  of education 520 
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(EduYears) with the PRSice program56 using multiple p-value thresholds (0.001; 0.05; 0.1; 0.2; 0.3; 0.4; 521 
0.5). Of the 293 723 participants in the EduYears GWAS, the present study excluded 23andMe participants, 522 
for legal reasons, and excluded all participants from EGCUT, resulting in a sample of 208 596 individuals 523 
(see Supplementary Table 6 for cohort description). SNPs were clumped in PRSice for linkage 524 
disequilibrium, using a cut-off of R2=0.1 within a 250-kb window.  GWA summary statistics were obtained 525 
from the sample of 208 596 individuals, and p-values and β- weights were used to calculate the EduYears 526 
GPS. Delta R2 are reported as the estimates of variance explained by adding the GPS to the regression model 527 
that included 10 principal components to control for population stratification.  528 
We also calculated GPS scores using p using p-values and β- weights obtained from summary statistics from 529 
the  Hill et al (2016) GWA analysis14 of household income and social deprivation with the PRSice 530 
program56 using the same procedure.  531 
The difference in GPS heritabilities was evaluated using Fisher’s exact test with Z to r transformation that 532 
assesses the significance in the difference in correlation coefficients in independent samples using both the 533 
effect sizes and sample sizes in the two samples57.   534 
SNP heritability 535 
SNP heritability estimates genetic and residual (environmental) components of variance directly from DNA 536 
using unrelated individuals and hundreds of thousands of SNPs (single nucleotide polymorphisms) from 537 
thousands of individuals58. Using GCTA software, a genetic relatedness matrix was calculated weighting the 538 
pairwise genetic similarities with allele frequencies across all genotyped SNPs58,59. Individuals found to be 539 
even remotely related (relatedness >0.05) were removed from the analyses. We repeated the analyses when 540 
using the more stringent cut-off of 0.025, but this did not make any difference in SNP heritability estimates. 541 
This matrix of pair-by-pair genetic similarities were then compared to the matrix of pair-by-pair phenotypic 542 
similarity using residual maximum likelihood estimation58,59. This method only assesses additive effects 543 
captured by the common SNPs genotyped on the DNA array, and does not take into account gene-gene or 544 
gene-environment interactions or rare DNA variants, but these are unlikely to have a strong influence on the 545 
phenotype58,60. Prior to SNP heritability analyses we adjusted educational attainment and occupational status 546 
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for sex using regression; standardized residuals were used in all analyses. To correct for the slight skew in 547 
the data, all measures were transformed to a normal distribution using the van der Waerden rank-based 548 
transformation61,62.  549 
Statistical power 550 
Power for estimating SNP and GPS heritability was estimated using the online tool GCTA-GREML power 551 
calculator63 and AVENGEME R code55,64. Our sample provided more than 80% power to detect GPS 552 
associations that explained 4% variance under the following circumstances: GWAS discovery sample size of 553 
208 596, our target sample of 12 500 participants (the power did not change when we calculated power with 554 
a target sample of 2100 or a target sample of 680 for post-Soviet subgroups); number of independent SNPs 555 
in the GPS=20,000; proportion of variance explained in discovery sample =4%, covariance between genetic 556 
effect sizes in the discovery and target sample =4%; and proportion of SNPs with no effects on the 557 
discovery trait = 99%; range of p-values from GWA summary statistics= 0.00- 0.5). These assumptions are 558 
somewhat arbitrary, but the power calculations did not change when parameters for the power calculations 559 
were changed (for example, changing the proportion of SNPs with no effects on the trait in the discovery 560 
sample to 50%). In addition, the power of our sample sizes to detect the expected GPS effect is supported by 561 
a much simpler approach: EduYears GPS predicts around 4% of variance in independent samples, a 562 
correlation of 0.20, which requires a sample size of only 150 for 80% power (p = .05, one-tailed 563 
(http://www.sample-size.net/correlation-sample-size/). 564 
 565 
Power for estimating SNP heritability is 99% to detect a SNP heritability of 20% for the whole sample. For 566 
the Soviet-era subsample, we had 99% power to detect a SNP heritability of 20%, but power was only 24% 567 
in the post-Soviet era (the power to detect heritability of 35% was 64% in the post-Soviet era). Therefore, 568 
little confidence is warranted for assessing differences in SNP heritability in the Soviet and the post-Soviet 569 
groups.  570 
 571 
Supplementary information accompanies this article. 572 
 573 
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 732 
 733 
Figures 734 
 735 
Figure 1. Variance explained by EduYears GPS in the post-Soviet (PS) and Soviet (S) groups. We 736 
calculated GPS using  a 0.1 GWA study p-value threshold for educational attainment (EA) and occupational 737 
status (OS) for the whole EGCUT sample (N(EA)=12 483; N(OS)= 11 419) and when divided into historical 738 
eras using two cut-offs: (a) The post-Soviet (PS) group included participants 15 or younger when 739 
independence was regained and the Soviet (S) group included the rest of the participants (N(EA_S)=10 381; 740 
N(EA_PS)=2 102; N(OS_S)= 9 417; N(OS_PS)= 2 002); (b) The post-Soviet (PS) group included 741 
participants 10 or younger when independence was regained and the Soviet (S) group included the rest of 742 
the participants (N(EA_S)=11 808; N(EA_PS)=675; N(OS_S)= 10 767; N(OS_PS)= 652). 743 
 744 
Figure 2. SNP heritabilities showing the proportion of variance explained by additive effects of common 745 
SNPs (SE as error bars) for the whole EGCUT sample and for the Soviet and post-Soviet groups using a cut-746 
off of 15 years. SNP heritabilities were adjusted for population stratification. (N(EA)=12 483; N(OS)= 11 747 
419; N(EA_S)=10 381; N(EA_PS)=2 102; N(OS_S)= 9 417; N(OS_PS)= 2 002). 748 
 749 
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