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Abstract

Spatial genetic structure observed in many human populations is in large part attributed to past
demographic events and isolation by distance. However, how intensifying migration affects this
structure remains understudied. Here we harness a sample of more than 180 thousand individuals
to explore the genetic correlates and consequences of contemporary migrations in Estonia. While
we show that migration smoothens the genome-wide genetic structure, it intensifies inter-
regional differences in polygenic scores (PGS) for certain traits, derived both from population as
well as within-sibship studies. The strongest effect is observed for educational attainment which
is consistent with previous observations in the UK and suggests this to be a general pattern. We
explore those regional differences in PGS in terms of the driving forces behind them and from a
temporal perspective, and suggest urbanisation as a major driver for this pattern in Estonia from
at least the first half of the 20th century.

Introduction

Spatial genetic structure is revealed by differences in allele frequencies across geographic
locations'. This phenomenon has been observed in human populations from globalz’3 to fine
scale*™®. It is driven by various demographic phenomena, including prehistoric migrations and
admixture as well as isolation due to physical barriers and the relatively low mobility of many
human groups’'°. However, migration activity, primarily related to urbanisation and political
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changes, has largely intensified in the past century, blurring such fine-scale population
4

structure'?.
The propensity to migrate is a behavioural trait with potentially some genetic contribution. If so,
regions attractive for internal migrations should be enriched for alleles associated with an
increased probability of migration. Trait-associated genetic correlates of spatial population
structure and migration patterns have been demonstrated in the British population'. Since
moving individuals change not only their location but sometimes also their environment
including lifestyle, migration may generate new genotype-environment correlations'®!” leading
to spurious non-causal genome-wide associations'”. Capturing such non-causal effects in genetic
studies may lead to biased estimates of heritability, genetic correlations, and Mendelian
randomisation inferences'®'’.

An essential factor predicting geographic mobility is socio-economic status and, particularly,
educational attainment (EA) which refers to the highest level of education completed by an
individual. In fact, the level of education has been shown to directly influence migration
behaviour in Europe and the US? %, EA is a heritable trait with heritability estimates ranging
from 4% to more than 50%, depending on the definition and study designzy%. Thus, it 1s natural
to expect that recent migrations can be associated with EA-associated genetic variants and so
affect the geographical pattern of allele distribution in a non-random fashion. Indeed, it has been
shown that migrants and non-migrants from the same areas in Great Britain differ in their
average genetic profiles with the strongest difference in alleles associated with EA". Despite the
potential practical implications of such changes in spatial genetic structure due to recent human
migrations, little is still known about how widespread and how recent they are. Most of the
observations to date come from the UK Biobank, raising the question if those effects are country
or cohort specific.

Here we aim at exploring the genetic consequences of recent migrations in Estonia and the
genetic associations of migration patterns within the country. We analyse data from the Estonian
Biobank (EstBB) which represents a population different from the British one in terms of genetic
background, as well as demographic and socio-economic aspects. In particular, during the 20th
century, Estonia underwent a series of transitions (Estonia gained independence from the
Russian Empire in 1918, was annexed by the Soviet Union in 1940 and re-gained independence
in 1991), each of them associated with political, economic and sociological changes. In this
regard, Estonia substantially differs from the UK which had more stable social conditions,
potentially leading to a long-standing socio-economic structure®” . In addition, Estonia has one
of the largest internal migration rates in Europe, with approximately 50% moving at least once in
their lives®®. The recruitment strategy of the EstBB is also different from that of the UK
k*'2. The EstBB includes data on more than 210,000 participants which represents
approximately 20% of the current adult population of all ages and a relatively uniform
geographic coverage. Specifically, the variety of birth years of participants allows us to analyse
temporal trends in genetic correlates of migration.

Bioban
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75 In this work, we use the EstBB to explore the genetic correlates of migrations within Estonia,
76  defined as differences between place of birth (POB) and place of current residence (POR). We
77  first analyse changes in the geographical distribution of ancestry captured by genetic principal
78  components. Next, we check if the phenotype-related genetic components captured with
79  polygenic scores (PGS) orthogonal to ancestry are distributed non-randomly across the regions
80  of the country. Then we look at how this distribution changes due to contemporary migrations.
81 As PGS for educational attainment (PGSga) demonstrated the strongest evidence for differential
82  distribution across regions we focus on it in subsequent analyses. We compare mean PGSga
83  values between different groups of individuals based on their POB and POR to explore how
84  different migration patterns are associated with PGSga. The age-stratified analysis made it
85 possible to give an upper estimate of the time at which differences between regions arose and to
86  describe how these differences have been increasing. Finally, we look into the relationship
87  between migration and EA phenotypes to assess whether the correlation between them can
88 entirely explain the pattern of PGSg, distribution in space and between migration groups.

89
90 Results

91 Data overview

92  We investigated the distribution of genetic ancestry and complex trait variation across different
93  migration groups and geographic areas using genome-wide single-nucleotide polymorphism
94  (SNP) data from 183,576 self-reported Estonian or Russian adult individuals from the Estonian
95  Biobank (EstBB)’'. Since Estonians are the major relatively homogeneous group in the biobank
96 and the country, we use the cohort of Estonians for all the main analyses. For the sensitivity
97 analyses and comparison between subgroups, we repeated some analyses in partially overlapping
98  subgroups defined based on demography (relatedness, sex and age) and time of the biobank
99 enrolment as enrolment happened in two periods, differing in recruitment strategy
100  (Supplementary Materials, Supplementary analyses). We also replicated most of the analyses in
101  the cohort of self-reported Russians - the second largest group in the EstBB (Supplementary
102  Materials, Supplementary analyses). Detailed subdivision information and a description of the
103  groups can be found in Supplementary Materials, Estonian Biobank cohort overview.

104  Effect of recent migrations on regional differences in genome-wide ancestry and polygenic
105  scores

106 It has been previously reported that the Estonian population shows a geography-correlated
107  genetic structure which can be captured by principal component analysis (PCA)’. To explore
108 how this genetic structure is affected by migration of the EstBB participants (defined as a
109  difference between the place of residence (POR) and the place of birth (POB) and referred to as
110  “contemporary migrations”) we performed PCA* separately for Estonians and Russians and
111 compared the proportion of variance in principal component coordinates (PCs) explained by
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112 differences between counties (Varcoumy; see Methods) for POB versus POR. Between-county
113  differences explain a significant proportion of variance of all 100 PCs for POB and 98 out of 100
114 PCs for POR in Estonians (Figure 1). The proportion explained by POR is smaller for all PCs
115 where the difference is significant. This is expected if we assume that contemporary migrations
116  are random with respect to ancestral background. Hence, regional ancestry differences are

117  decreasing over time, blurring the population genetic structure.
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120  Figure 1. Inter-individual variance of PCs explained by county of birth (POB) and county of
121 residence (POR). (A) Estimates of inter-individual variance of PCs explained by POB and POR. Red and
122 green dots refer to the POB and POR, correspondingly. Estimates significantly different from zero are
123 outlined in yellow. The line connecting the two points is yellow when the variance explained by POB and
124 POR together is significantly larger than the variance explained by only the weaker predictor (which is
125  always POR in this case). The significance level is 0.05, adjusted for 100 tests with Bonferroni correction.
126  (B-C) The map of Estonia with mean PC1 coordinates for individuals’ POB (B) and POR (C).
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127 It has been previously shown that migration patterns are associated with heritable phenotypes,
128  particularly related to socio-economic status (SES)"”. Therefore, we might expect that migration
129  can enhance geographic differences in frequencies of alleles associated with such traits. To check
130  this hypothesis in the EstBB we explored the spatial distribution of PGS for 169 diverse
131 phenotypes, with a particular focus on traits related to behaviour and SES (Supplementary Table
132 1 and Methods). The population-based polygenic scores (PGS), used in all the analyses, unless
133  stated otherwise, were calculated using summary statistics from genome-wide association studies
134  (GWAS) conducted on the UK Biobank European-ancestry cohort’>**. All the polygenic scores
135 were adjusted for demographic covariates (see Methods) and the first 100 PCs for the
136  corresponding ethnic subgroup. For most PGSs regional differences in both POB and POR
137  explain a non-zero fraction of variance, however, unlike the PCs, Varcouny values for POR are
138  higher than for POB (Figure 2A). In other words, most PGSs show a geographic structure
139  orthogonal to the first 100 PCs and this structure is enhanced by contemporary migrations. In
140  agreement with a study conducted on a British population sample15 , the largest Varcouny 18
141 observed for PGS for educational attainment (PGSga; “College or university degree”). Varcounty
142  for other traits is related approximately linearly to the absolute value of the correlation between
143  the trait’s PGS and PGSga (r[PGSyair, PGSga]) starting from ~0.15, for both POB and POR
144  (Figure 2A). Correlation between polygenic scores is a good measure of their shared
145  characteristics as it accumulates the effects of true genetic correlation, heritability, demographic
146  confounders and GWAS sample size. This suggests that the pattern for other PGSs is for a big
147  part, if not entirely, driven by their correlation with the PGSga.

148
Years of Education (EA) —
A 1.254 university Degree (EA)__ B 0.08 !
Qualifications
1009 Household Income A BMI
0.06 /
X Watching TV X g 4
g 07 Fluid Intelli g
5 e nicience 5 Ever smoked
8 g 0.04+
E 0.50 1 E / Age at first birth
> > o 7
‘o Cognitive function
0.251 0024 &% | ~
. [
....o‘.
(1
0.00 1 P
T T T OOO T T T T T
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
[((PGS,; PGSga)| [((SPGSy; SPGSga)|
® POB @ POR Significant Not significant
149

150  Figure 2. Estimates of the inter-individual variance of (A) PGSs and (B) within-sibship GWAS
151 PGSs (sPGSs) explained by POB and POR. (s)PGSs are adjusted for demographic and genetic ancestry
152  covariates. Estimates significantly different from zero are outlined in yellow. The line connecting the two
153  points is yellow when the variance explained by POB and POR together is significantly larger than the
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154  variance explained by only the weaker predictor. The significance level is 0.05, adjusted for the number
155  of (s)PGS tested with Bonferroni correction.

156

157  EA is known to be influenced by indirect genetic effects of relatives as well as direct genetic
158  effects. On top of that, population GWAS are reported to also capture associations due to
159  demographic factors such as residual population structure and assortative mating. A promising
160  though currently relatively underpowered approach to estimate direct genetic effects on a trait
161  with relatively little bias due to confounders is within-sibship GWAS™°. To test if the effects
162  we observe can be explained solely by GWAS confounders and indirect effects we analysed 24
163  polygenic scores (Supplementary Table 2) constructed using summary statistics from a recent
164  within-sibship GWAS® (sPGS). In accordance with the population-based results, sibship-based
165  sPGSga demonstrates the strongest non-uniform distribution between regions for both POB and
166  POR with Varc.uny being larger in the latter case (Figure 2B).

167  We also observe that PGS and sPGS for BMI demonstrate relatively high Varcouny (Figure 2) that
168  could indicate the relationship between BMI and migration, independent of EA. We leave a full
169  investigation of this hypothesis for future research.

170
171 Geographical distribution of PGSga

172  To explore if the increasing between-county variability of PGSga reported above is driven by
173  some specific regions, we mapped the mean values of PGSga adjusted for demographic and
174  ancestral covariates for every county in Estonia (Figure 3). For both POB and POR, two counties
175  have values significantly higher than the country average: these are Harju (FDR-adjusted p-value
176  4.1e-77 and 1.1e-168, correspondingly) and Tartu (FDR-adjusted p-value 4.8e-12 and 2.8e-14,
177  correspondingly) Counties, where the two biggest Estonian cities, Tallinn and Tartu City, are
178  located. Most other counties have values significantly lower than the country’s average.

179  To see how the mean PGSk, changed due to contemporary migrations, we subtracted the mean
180  values of PGSga individuals born in a corresponding county from the mean values of PGSga of
181  the county’s residents. Harju County, which includes the capital Tallinn, is the only county with
182  significantly positive change (FDR-adjusted p-value 1.2e-02). Nine counties demonstrate a
183  significant decrease in their average PGSga. Changes in the remaining four counties are
184  insignificant. In three cases this is likely because of insufficient sample size. Still, in Tartu
185  County, where the sample size is the second largest after Harju County (Supplementary Figure
186  2), this could probably reflect a balance between recent in-migration and out-migration of the
187  county.

188
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190  Figure 3. PGSg, landscape in Estonia. Mean PGSg, of individuals (A) born or (B) residing in each
191 county. (C) Difference between values in panels “B” and “A”. PGSg, is adjusted for demographic and
192  genetic ancestry covariates. Counties with sample mean values significantly different from zero after FDR
193  correction at the 0.05 level are marked with an asterisk (*).

194
195  PGSga values in groups with different migration profiles

196  Next, we compared the mean PGSga between groups with different migration profiles. For this,
197  we divided Estonia into three areas: Harju County (including Tallinn), Tartu County (including
198  Tartu City) and other regions of Estonia (referred to as “ORE” below). All the individuals were
199  classified into 9 groups based on their place of birth and residence. This classification was
200 motivated by the results presented above and by the fact that Harju and Tartu Counties are the
201  most economically developed regions, making them attractive migration destinations®*. In all
202  cases, migration within the defined areas (for instance, between counties defined as the ORE)
203  was ignored.

204  Individuals who moved to Harju or Tartu Counties from ORE have higher PGSg,4 in comparison
205 to those who stayed in ORE, explaining the decrease of PGSga in most counties but Harju and
206  Tartu. We also see that among individuals born in Harju or Tartu Counties, those migrating to
207 ORE show the lowest PGSga among individuals with non-matching POB and POR while
208  individuals with the highest PGSg4 are those who moved between Tartu and Harju Counties.

209  Tallinn and Tartu are the two biggest cities in Estonia, the main hotspots of urbanisation, centres
210  of education and economic development. Therefore, we questioned if our results are also driven
211 by those cities. To check this, we did the same analysis but keeping only participants
212  born/residing in Tallinn or Tartu City instead of the entire corresponding counties (Figure 4B).
213  The results demonstrate an even larger contrast between those who were born in or moved to
214  Tallinn or Tartu City and those who stayed in ORE. That supports the hypothesis on the driver
215  roles of the cities in the process of the increasing contrast between counties.
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217  Figure 4. PGSg, in migration groups by area of birth (POB) and residence (POR). (A) County-based
218  analysis where POB and POR refer to Tartu County (“Tartu”), Harju County (“Tallinn”) and other
219  counties (“ORE”). (B) City-based analysis, where POB and POR refer to Tartu City (“Tartu”), Tallinn

220  (“Tallinn”) and other counties (“ORE”). PGSg, is adjusted for demographic and genetic ancestry
221  covariates. Error bars correspond to 95% confidence intervals.

222
223  Migration direction and PGSga

224  Based on the previous results, the cities of Tallinn and Tartu are more attractive to individuals
225  with above-average PGSga. We next asked if the PGSga of migrants to Tallinn and Tartu City
226  depends on an individual's POB in a city-dependent manner. We calculated differences in mean
227  PGSga between residents of Tallinn and Tartu City born outside those two cities grouped by their
228 county of birth (Figure 5). It demonstrates that individuals who migrated to Tallinn from
229  counties surrounding Tartu City have on average higher PGSgs compared to individuals born in
230  the same counties and migrated to Tartu City. The opposite is true for counties surrounding
231  Tallinn. This suggests that, in general, shorter-distance movement is less discriminating in terms
232  of PGSga than longer-distance movement in Estonia. However, the area of “less discriminative
233  attraction” is wider for Tallinn compared to Tartu City, probably reflecting that Tallinn is a more
234  general and stronger migration attracter.

235
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237  Figure 5. The contrast in mean PGSg, and EA (years of education) between residents of Tallinn
238 and Tartu City by county of birth. (A) The value for each county corresponds to the mean PGSg, of
239  individuals born in that county and living in Tartu City subtracted from the mean PGSg4 of individuals
240  born in the same county and living in Tallinn. Individuals born in Tallinn or Tartu City are excluded from
241 the analysis. (B) The same but for the “years of education” phenotype. Counties with significant
242  differences between the migrant groups after FDR correction at level 0.05 are marked with an asterisk (*).

243
244  How old is the difference between cities and ORE?

245 To this end, we showed that contemporary migration increases the PGSg, differentiation
246  between Tallinn/Tartu City and ORE. We next set out to explore if this effect accumulated over
247  the last century and if there has been any change in the genetic makeup of migrants over this
248  period of time. We compared mean PGSga in Estonians grouped by place of birth and residence
249  and the birth decade, while the PGSga was adjusted and normalised in the entire Estonian cohort
250  (Figure 6). We used wider birth year bins for the oldest and the youngest participants due to their
251  smaller sample sizes. The comparison between groups of individuals born in Tallinn/Tartu City
252  and ORE shows that individuals born in the cities on average have significantly higher PGSga
253  than those born in ORE starting from the 1940s (p-value 4.2e-3). Furthermore, the contrast
254  between these groups tends to increase over time (Figure 6A). Consistently, PGSga is
255  significantly higher in the group of migrants from ORE to the cities than in the group of
256  participants who stayed in ORE. This difference is significant already in the earliest bin (p-value
257  1.4e-3) and persists in all subsequent bins (Figure 6B).

258
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Figure 6. Difference in average PGSg, between cities (Tallinn or Tartu) and ORE during the 20th
century. (A) Mean PGSk, by area of birth; (B) mean PGSg, of individuals born in ORE by area of
residence. PGSk, is adjusted for demographic and genetic ancestry covariates. Error bars correspond to
95% confidence intervals.

Relation between genetic factors of educational attainment and migration

It has been previously shown that a higher EA level is associated with higher migration
activity20’2"39. Hence, the patterns we report above for PGSga can merely reflect migration
patterns of individuals with various levels of EA. This is supported by the observation that EA
shows similar geographic distribution as well as similar distribution between different migration-
profile groups (Supplementary Figures 20-25, 38-49).

To test if the results for PGSga can be entirely explained by the trait itself we first regressed EA
out of PGSga. With either binary and continuous measures of EA (university degree and years of
education, correspondingly), regressed out of (s)PGSga, the differences between the migration
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274  groups become less pronounced but are not eliminated completely (Supplementary Figures 50-
275  63).

276  Next, we defined a migration phenotype for individuals born in ORE by distinguishing between
277  those who moved to Tallinn or Tartu City (cases, N = 24,827) versus those who stayed in ORE
278  (controls, N = 61,373). We a) used logistic regression to test if EA and PGSga predict migration
279 in joint effect models and b) estimated the genetic correlation of migration with EA (Table 1).
280 PGSk, is a significant predictor for migration (p-value 4.9e-258). Years of education attenuates
281  the regression coefficients of PGSgs but keeps it significant (p-value 5.4e-64), which is in
282  agreement with recent study results*’. Note, however, that converting EA categories to years of
283  education has an empirical rather than theoretical background and can be suboptimal in
284  reflecting the reality in any particular country. Moreover, the “years of education” measure does
285  not follow a normal distribution which can cause statistical artefacts. Thus, we also used reported
286 EA as a categorical covariate. In this model, the effect of PGSgs on migration is close to that
287  with years of education as a covariate and still significant (p-value 2.0e-57). GREML-GCTA
288  analysis shows that migration is a heritable trait (h2 =0.13, Clys: 0.10 - 0.16) and demonstrates a
289  genetic correlation of 0.8 (Clys: 0.7 - 0.9) with having versus not having a university degree. This
290  suggests the two traits have largely but not fully overlapping genetic backgrounds.

291

292
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293  Table 1. Genetic aspects of migration phenotypes. The migration phenotype corresponds to individuals
294  born in ORE and residing in either Tallinn or Tartu City (cases) or in ORE (controls). The logistic
295  regression section provides the odds ratio for PGSg, as a migration predictor in a model without or with
296 EA. Two models with EA as a covariate were tested: years of education translated from the reported
297  categories of EA (Supplementary Table 3) and the reported categorical EA. GREML-GCTA section
298 tabulates heritability estimates for binary educational attainment - university degree (h’gs) and migration
299 (h2Migr) as well as the genetic correlation between them in the corresponding cohort.

Logistic regression, ORpgsa)

Estimate, Clys P-value

PGSga 1.31 [1.29; 1.33] 4.9e-258

PGSga + Years of education 1.15[1.13; 1.17] 5.4e-64

PGSga + EA (categories) 1.14 [1.12; 1.16] 2.0e-57
GREML-GCTA

Estimate, Clys P-value

h’ga, % 25.9 [23.1; 28.6] 8.8e-77

thigr, % 12.9 [10.2; 15.6] 2.7e-21

Iy, % 79.9 [69.9; 89.9] 2.3e-55

300
301  Replication of the analyses in Estonian subgroups, Russian cohort and using sSPGSga

302  We repeated most of our analyses in subgroups of the Estonian cohort and in the Russian cohort
303 as well as on the entire Estonian cohort using SPGSga (Supplementary Materials, Supplementary
304  analyses). The results in the subgroups are consistent with the observations made in the entire
305 sample, although the statistical power is diminished due to the smaller subgroup sample sizes.
306  This indicates that the observed patterns of inter-regional variance, geographical distribution, and
307  group differences based on migration destination are not driven by the presence of related
308 individuals, variations in sex, age, recruitment strategy, or self-reported ethnicity. Specifically,
309 the results obtained from the Russian cohort largely corroborate the overarching patterns for
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310  Estonians, despite disparities in population structure and geographical distribution between them.
311 Also, while all the trends for sPGSg, are less pronounced than for PGSga, they generally align
312  with the trends observed in PGSga. Collectively, these results underscore the robustness of our
313  key findings with regard to demographic factors and ethnicity, as well as the characteristics of
314 the polygenic score.

315
316  Discussion

317  In this study, we demonstrated that although contemporary migrations smoothen spatial genetic
318  structure in Estonia, described by genome-wide PCs, such migration enhance inter-regional
319  differences in PGSs, with PGSga showing the strongest differentiation. Hence, similar patterns
320  described by Abdellaoui et al."” are unique neither to the UK Biobank cohort nor to the UK
321  population in general. Importantly, in the 20th century, Estonia went through a series of political
322  transitions related to drastic changes in economic and social organisation. It first gained
323 independence in 1918 and lost it during the Soviet period from 1940 to 1991, which was
324  interrupted by German occupation from 1941 to 1944. This turbulence makes long-term SES
325 inheritance in Estonia less likely than in the UK?. Those differences between the UK and
326  Estonia make us suggest that the effect of recent migrations on PGS distribution is a more
327  general phenomenon for urbanised societies, largely independent of political and economic
328  aspects and probably shared with other countries, at least within Europe. We also replicated the
329  patterns of PGSg, distribution in sex-, age- and recruitment strategy-based subcohorts and in
330 self-reported Russians further supporting these patterns to be genuine and general.

331  Next, we extended our work beyond replicating the study of Abdellaoui et al."” in several
332  directions. First, as Estonia is a small country with only two major urbanisation centres (Tallinn
333 and Tartu City) we could show that the non-uniform distribution of PGSg, is driven mostly by
334  the difference between these two cities and the rest of the country and can be related to
335  urbanisation-driven migrations.

336  Second, due to the wide age range of the Estonian Biobank participants, we were able to add a
337  chronological perspective to the effects of migrations on PGSga distribution. We showed that
338  differences in average PGSga between cities and other regions existed already in the first half of
339  the 20th century and consistently increased during and after the Soviet period.

340  Third, we recapitulated our findings using within-sibship GWAS PGS (sPGSga) instead of
341  population-based GWAS PGS. The within-sibship GWAS provides considerably lower
342  heritability estimates for EA compared to population-based ones® which suggests population-
343  derived estimates of effect sizes to incorporate confounders and/or parental effects. Nevertheless,
344  as we recovered qualitatively the same patterns using sSPGSga we can hypothesise that they are at
345  least partially driven by direct genetic effects. Note, however, that a recent study suggested that
346  within-sibship GWAS estimates can still carry some residual confounding®'
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347  Fourth, we demonstrated that migrants to the cities of Tallinn or Tartu differ in their PGSga
348 depending on their county of birth which roughly reflects the migration distance and that
349  individuals who moved between Tallinn and Tartu City have on average higher PGSga than
350 individuals staying in the city of birth. Both observations suggest that PGSgs is not just
351  associated with migration to the cities in general but with more intricate migration patterns,
352  probably linked to search for very specific jobs or educational opportunities, not always present
353 in the closest city. This is in line with previous reports that educational and job opportunities are
354  more often the reasons for long-distance movements than for short-distance in Sweden** and that
355 the average EA is higher in longer-distance migrants in the UK*. A similar pattern has already
356  been observed phenotypically in the early 20th century in Estonia, where students from farther
357 away from Tartu City had on average higher scores on an intelligence test than students born
358 closer to the city44. Although the test used in that study is considered outdated, factors affecting
359 the result are in line with those currently affecting EA®.

360  Finally, we explored if the association between migration behaviour and PGSg4 can be entirely
361  explained through the EA phenotype. In agreement with a study of mobility in Sweden®, our
362 results demonstrate that EA only partially explains the relationship between migration and
363  PGSga. While differences in the underlying genetic architecture of EA and migration behaviour
364  (ry < 1) can play some role here, there are other mechanisms potentially contributing to this
365  observation. In fact, the same genetic variants can affect EA and migration behaviour through
366  different pathways (horizontal pleiotropy). Furthermore, a reverse causal relationship between
367 EA and migration may be observed, for example, when migration is a required condition for
368  gaining a certain education level. Third, some individuals might migrate with their parents or
369  partners, whose migration could be related to job or education opportunities. As PGSga is
370  naturally correlated between parents and offsprings and has been shown to be correlated between
371  partners’, accompanying family members will have on average higher PGSgs than non-
372  migrants, regardless of their EA. Such “accompanying” migration results in genotype-
373  environment correlations. These correlations can be seen as passive when children move with
374  their parents, and mostly active when spouses move together46.

375 The non-random distribution of PGS between regions and migration groups even after a
376  thorough correction for population structure not only provides interesting insights into the
377 interplay between recent social dynamics and genetics but also poses challenges for genetic
378  studies”’. Regardless of the causality, it generates genotype-environment (G-E) correlations. In
379  the case of active G-E correlations, the environment may be considered dependent on the
380 individual’s genotype thus intermediating the phenotype manifestation. However, interpretability
381  may especially face limitations due to passive G-E correlations, as in this case, the environment
382 depends on the genotypes of parents or even more distant ancestors and not the individual’s
383  genotype (like in the case of “accompanying” migrations). In this study, we showed that alleles
384  associated with higher EA are also associated with staying in or moving to the cities, where the
385  conditions of living are different from those in towns and rural areas. The urban population, for
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386 instance, has been shown to be healthier in general48750. This is most probably due to differences
387  in environment rather than genetics’'>. Moreover, the environment is being inherited not just
388  because of geography but also due to cultural transmission of lifestyle. So, this issue might be
389  even more complex than we show here and would be present even in the situation when all the
390 population would settle in a single location without any spatial segregation. Such G-E
391  correlations, especially passive ones, may lead to inflated estimates of heritability, and genetic
392  correlations and affect GWAS and other genetic analyses such as Mendelian randomisation'>"’.
393  Given the patterns we report here, it is reasonamle to assume that the EA phenotype can be
394  especially prone to such confounders®*’. Thus, most estimates of direct genetic effects on EA
395 are likely to be inflated.

396  This study has several limitations. First, although the biobank data includes information on
397  approximately 20% of the adult population in Estonia it has been shown not to be a completely
398  representative population cohort’’ (Supplementary Materials, Estonian Biobank cohort
399  overview). We expect the EstBB to be more representative than the UK Biobank because of the
400 fraction of the population covered and the diversity of participants but not to be bias-free.
401  Replication of the results in the subcohorts and in the Russian cohort reduces the risk of artefacts
402  due to systematic participation bias. However, it should be taken into account when interpreting
403  the results. Second, there is a minor uncertainty in the EA phenotype. The information is
404  received from the population register as well as from the questionnaire. In some cases, this
405 information can be outdated or inaccurate. If these errors are not random, it can lead to a
406  systematic bias in the results™. Converting EA from a categorical to a continuous scale probably
407 1is not an ideal strategy as it includes, although commonly used, a partially arbitrary rescaling
408  procedure that leads to the loss of information™. Third, the information on the places of birth or
409 residence may not be perfect as well. The reported place of birth may in some cases correspond
410 to the settlement where the maternity hospital was located and not to the actual place where the
411 family lived at the time of birth. For this reason, it is safer to consider counties than individual
412  cities and our main conclusions are not sensitive to this issue. The information on the place of
413  residence is updated regularly, synchronising with the population register. However, people do
414  not always report their movements to the register. Fourth, reporting the results for separate age
415  groups we consider the age of the dead individuals to be fixed at the time of death. Given that
416  migration behaviour can change both with an individual’s age and over historical periods, the
417  desynchronisation of year of birth and age can smoothen some patterns conditioned on one of
418  these factors. Still, this effect is expected to be negligible (Supplementary Materials, Estonian
419  Biobank cohort overview).

420  Finally, we would like to make a caution note about interpreting our results within a broader
421  sociological framework. In most analyses, we used the polygenic score based on population-
422  based GWAS for EA. It has been shown by many studies that it is influenced by lots of diverse
423  confounders!>?#2347-56-61 Thus, PGSga cannot be interpreted as a cumulative genetic factor

424  directly affecting EA outcome. It is rather a correlate of EA, likely only modestly determined by
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425  direct genetic effects. Though we reproduced the main pattern of increased inter-county
426  difference with sPGSga as well, it cannot be perceived as final proof of a genetic-driven
427  mechanism (Supplementary Materials, General Summary & Frequently Asked Questions). One
428  should also note that the differences in mean PGSga between migration groups are subtle despite
429  being statistically significant. Moreover, the corresponding distributions strongly overlap for all
430  the migration groups considered (Supplementary Materials, General Summary & Frequently
431  Asked Questions).

432  Our findings demonstrate that people’s geographic mobility, particularly related to urbanisation,
433 is accompanied by changes in the genetic structure of a population. The comparison of Estonia
434  and the UK shows this phenomenon can manifest in countries with different socio-economic
435 systems as well as population sizes. Such migrations, non-random with respect to genetics,
436  generate genotype-environment correlations which are not only a technical issue for genetic
437  studies but also a potential burden for society. In this context, it implies that potentially tiny
438  differences in genetic factors affecting EA translate into environmental differences not linearly,
439  but being amplified by the environment. Consequently, individuals with a lower genetic
440  predisposition to EA have fewer opportunities to fulfil their potential. We speculate that the same
441  pattern can be observed on a finer within-settlement scale and even without spatial segregation
442  due to social stratification. Thus, active measures might be needed if a society aims at truly equal
443  opportunities in education and related aspects for all its members.

444

445  Methods
446  Participants

447  The participants of this study were sourced from the Estonian Biobank (EstBB), which is a
448  volunteer-based cohort of the Estonian resident adult population31. It includes (as of 2022)
449  genetic and diverse phenotype data on 210,438 individuals (72,384 men and 137,180 women)
450  corresponding to ~20% (~14% men and ~24% women) of the contemporary adult population of
451  Estonia®. Participants' age ranges from 18 to 107, determined as of 2022 for alive participants or
452  at the year of death. The EstBB is linked with the Estonian national register so the information
453  on education level and place of residence is being constantly updated. The participants were
454  recruited over two decades from 2001 to 2021 across the country, covering all the regions and a
455  variety of different settings providing socio-economic and ethnic heterogeneity. Besides genetic
456 and demographic data, participants provided health data, blood samples and lifestyle
457  information.

458  Ethics statement

459  The activities of the EstBB are regulated by the Human Genes Research Act, which was adopted
460 1in 2000 specifically for the operations of the EstBB. Individual level data analysis in the EstBB
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461  was carried out under ethical approval “1.1-12/3593” from the Estonian Committee on Bioethics
462 and Human Research (Estonian Ministry of Social Affairs), using data according to release
463  application “4-1.6/GI/79” from the Estonian Biobank.

464  Genotypes and quality control

465  Samples were genotyped on the Infinium Global Screening Array (GSA) of different versions
466  (depending on the time of recruitment) with approximately 550,000 overlapping positions.
467  Samples with <95% call rate or mismatch between genetic and self-reported sex were excluded.
468  Before the imputation step all non-SNP polymorphisms and strand ambiguous SNPs were
469 filtered out. The final number of SNPs before the imputation step was 309,258. The genotypes
470  were imputed with Beagle 5.4% using the Estonian Reference panel as a reference set®. To
471  create polygenic scores, we extracted a set of 1,075,599 autosomal HapMap 3 SNPs with a minor
472  allele count >5, and info score >0.7. Unrelated individuals were defined as having less than 2nd-
473  degree relationship inferred with KING®.

474  For GREML analysis, the non-imputed genotyping data were used after keeping SNPs with
475 minor allele frequency >0.01, Hardy—-Weinberg equilibrium (HWE) p-value >107 and
476  missingness <0.015. Related individuals with a 2nd-degree relationship and closer were
477  excluded. Relationships were inferred with KING®.

478  Ancestry and PCA

479  Ancestry grouping was estimated with bigsnpréé. For ancestry inference, genotypes were
480 imputed using 1000 Genomes Project phase 3 samples’. Individuals from “Europe (East)”,
481  “Europe (North West)” and “Finland” inferred ancestry groups were kept for further analysis.
482  Next, individuals with no self-reported Estonian or Russian ethnicity were excluded from the
483  participants who passed the ancestry filter.

484 A principal component analysis (PCA) was conducted separately on individuals of Estonian
485 (182,252 individuals) and Russian (17,954 individuals) self-reported ethnicity to capture ancestry
486  differences within the corresponding populations. Before the analysis genotypes were filtered for
487 minor allele frequency >0.01, Hardy—Weinberg equilibrium (HWE) p-value >10” and
488  missingness <0.05. Long-range linkage disequilibrium regions were removed®’. Genotypes were
489  pruned for linkage disequilibrium with PLINK2°*® with window size 50kb, step 5kb and r’
490  threshold 0.1. The PCA to construct PCs on Estonian and Russian individuals was conducted on
491 this SNP set using flashPCA version 2"°.

492  Polygenic score calculations

493  Polygenic scores were computed for 169 phenotypes using population-based GWAS summary
494  statistics from the UK Biobank (PGSs)’”> and 24 phenotypes using within-sibship GWAS
495  summary statistics (sSPGSs)>. The PGSs were calculated using summary statistics from GWAS
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496 in the European ancestry cohort of the UK Biobank conducted by the Pan-UKBB team>*. The
497  Pan-UKBB project particularly presents an analysis of 7,228 phenotypes, spanning 16,131
498  studies. The list of traits selected for the analysis included the maximally independent set of 146
499  phenotypes (with correlation between them <0.1) for which GWAS results passed the quality
500 control. Additionally, 23 phenotypes related to education, mental health, fluid intelligence,
501  height and body mass index (BMI) were added. The complete list of the phenotypes and the
502  numbers of individuals included in the study is presented in Supplementary Table 1.

503 The sPGSs were calculated for all phenotypes analysed in the original study presenting a set of
504  within-sibship GWAS results estimating direct genetic effects. Supplementary Table 2 lists 24
505 traits with corresponding sample sizes.

506  Polygenic scores with both sets of summary statistics were calculated using SBayesR with
507  default parameters including LD matrix built using data on 50,000 UK Biobank participants’.
508 To remove the effect of the ancestral genetic structure on polygenic scores, the top 100 ancestry-
509 informative principal components (PCs) specific to Estonian or Russian ancestry were regressed
510  out. Sex, age, sexxage and age2 were also regressed out of the PGSs to mitigate the influence of
511  potential sex and age bias reported for population volunteer cohorts®”"*. In analyses of PGS
512  adjusted for educational attainment, binary or continuous EA (see section “Educational
518  attainment phenotypes ) was also regressed out.

514 Sources of education and geographic information

515  Initial information on the highest level of education, place of birth and place of residence was
516  obtained from the questionnaire completed by participants when enrolled in the biobank. The
517  EstBB regularly synchronises its information with the Estonian Population Register on the
518 highest level of education and municipality of residence. The data used in this study was last
519  updated in 2022. Participants without information on the counties of birth and residence in
520 Estonia or born outside the country were excluded from the analysis. Participants born or
521  residing in Harju or Tartu Counties and lacking information on the municipality were excluded
522  from the analyses where it was necessary to distinguish Tallinn/Tartu City from other
523  municipalities of the corresponding counties. After filtering, the analysed sample included
524 172,376 individuals of self-reported Estonian ethnicity and 11,200 individuals of self-reported
525  Russian ethnicity.

526  Educational attainment phenotypes

527  Continuous and binary traits corresponding to educational attainment were considered. The
528  continuous “years of education” phenotype was derived according to the ISCED 2011
529  methodology. The link table for the reported level of education, ISCED 2011 and “years of
530 education” is presented in Supplementary Table 3. Alternatively, attainment of a Bachelor's
531  degree or higher was used as a binary phenotype. The quantitative EA phenotype was adjusted to
532  mitigate possible sampling bias in the corresponding analyses. Sex, age, sexxage and age” and
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533 100 genetic PCs were regressed out of the quantitative EA using linear regression.
534  Geographic variability of ancestry and polygenic score variation

535 The measure of geographic variability was the proportion of variance explained by county
536  differences:

537 Varcounry = SSB / (SSB + SSW)

538  where SSB is the sum of squares between counties, SSW is the sum of squares within counties. P-
539  values were calculated from the ANOVA test. The chi-square test was implemented to test
540  whether the difference of variance explained by county of birth and county of residence together
541  is significantly larger than by exclusively one of them. The base model to compare with was a
542  less powerful model with either county of birth or county of residence as an independent
543  variable. Statistical significance was determined using a level of 0.05 after the Bonferroni
544  correction for the number of tests (100 for PCs, 169 for PGSs and 24 for sPGS).

545  Logistic regression

546  Logistic regression with migration phenotype as a dependent variable was performed with
547  PGSga or PGSga and EA (years of education or categories) as independent variables. Sex, age,
548 agez, sexxage, sex><age2 and 100 genetic PCs were included in the models as covariates.

549  Heritability and genetic correlation calculations
550 Bivariate GREML analysis implemented in GCTA software”’* was used to estimate
551  heritabilities and genetic correlations. Sex, age, age”, sexxage, sexxage” and 10 genetic PCs were

552 included as covariates in the models.
553  Geographic data visualisation

554  Shapefiles used to plot maps of Estonia with county borders were retrieved from the Estonian
555  Land Board website (Administrative and Settlement Division, 2023.02.01)”. Geographic data

556  were visualized in R’® with the aid of the following packages: “sf”’"""8, « 79

geos”’” and “ggplot2”™.

557
558 Data availability

559  Access to the Estonian Biobank data (https://genomics.ut.ee/en/content/estonian-biobank) is
560 restricted to approved researchers and can be requested.

561 Code availability

562 Custom R code used for statistical analyses is available from the corresponding authors on
563  request.
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