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Genetic	  predictions	  of	  height	  differ	  significantly	  among	  human	  populations	  and	  these	  
differences	   are	   too	   large	   to	  be	   explained	  by	   random	  genetic	  drift.	   This	   observation	  
has	   been	   interpreted	   as	   evidence	   of	   polygenic	   adaptation—natural	   selection	   acting	  
on	   many	   positions	   in	   the	   genome	   simultaneously.	   Selected	   differences	   across	  
populations	  were	  detected	  using	  single	  nucleotide	  polymorphisms	  (SNPs)	  that	  were	  
genome-‐wide	  significantly	  associated	  with	  height,	  and	  many	  studies	  also	   found	  that	  
the	  signals	  grew	  stronger	  when	  large	  numbers	  of	  sub-‐significant	  SNPs	  were	  analyzed.	  
This	   has	   led	   to	   excitement	   about	   the	   prospect	   of	   analyzing	   large	   fractions	   of	   the	  
genome	   to	   detect	   subtle	   signals	   of	   selection	   for	   diverse	   traits,	   the	   introduction	   of	  
methods	  to	  do	  this,	  and	  claims	  of	  polygenic	  adaptation	  for	  multiple	  traits.	  All	  of	   the	  
claims	   of	   polygenic	   adaptation	   for	   height	   to	   date	   have	   been	   based	   on	   SNP	  
ascertainment	  or	  effect	  size	  measurement	  in	  the	  GIANT	  Consortium	  meta-‐analysis	  of	  
studies	  in	  people	  of	  European	  ancestry.	  Here	  we	  repeat	  the	  height	  analyses	  in	  the	  UK	  
Biobank,	   a	   much	   more	   homogeneously	   designed	   study.	   While	   we	   replicate	   most	  
previous	  findings	  when	  restricting	  to	  genome-‐wide	  significant	  SNPs,	  when	  we	  extend	  
the	  analyses	  to	   large	   fractions	  of	  SNPs	   in	   the	  genome,	   the	  differences	  across	  groups	  
attenuate	   and	   some	   change	   ordering.	   Our	   results	   show	   that	   polygenic	   adaptation	  
signals	   based	   on	   large	   numbers	   of	   SNPs	   below	   genome-‐wide	   significance	   are	  
extremely	  sensitive	  to	  biases	  due	  to	  uncorrected	  population	  structure,	  a	  more	  severe	  
problem	  in	  GIANT	  and	  possibly	  other	  meta-‐analyses	  than	  in	  the	  more	  homogeneous	  
UK	  Biobank.	  Therefore,	  claims	  of	  polygenic	  adaptation	   for	  height	  and	  other	   traits—
particularly	   those	   that	   rely	   on	   SNPs	   below	   genome-‐wide	   significance—should	   be	  
viewed	  with	  caution.	  

	  
	  
Most	  human	  complex	  traits	  are	  highly	  polygenic.1,2	  For	  example,	  height	  has	  

been	  estimated	  to	  be	  modulated	  by	  as	  much	  as	  4%	  of	  human	  allelic	  variation.2,3	  
Polygenic	  traits	  are	  expected	  to	  evolve	  differently	  from	  monogenic	  ones,	  through	  
slight	  but	  coordinated	  shifts	  in	  the	  frequencies	  of	  a	  large	  number	  of	  alleles,	  each	  
with	  mostly	  small	  effect.	  In	  recent	  years,	  multiple	  methods	  have	  sought	  to	  detect	  
selection	  on	  polygenic	  traits	  by	  evaluating	  whether	  shifts	  in	  the	  frequency	  of	  trait-‐
associated	  alleles	  are	  correlated	  with	  the	  signed	  effects	  of	  the	  alleles	  estimated	  by	  
genome-‐wide	  association	  studies	  (GWAS).4,5,6,7,8,9,10	  	  

Here	  we	  focus	  on	  a	  series	  of	  recent	  studies—some	  involving	  co-‐authors	  of	  
the	  present	  manuscript—that	  have	  reported	  evidence	  of	  polygenic	  adaptation	  at	  
alleles	  associated	  with	  height	  in	  Europeans.	  One	  set	  of	  studies	  observed	  that	  height-‐
increasing	  alleles	  are	  systematically	  elevated	  in	  frequency	  in	  northern	  compared	  to	  
southern	  European	  populations,	  a	  result	  that	  has	  subsequently	  been	  extended	  to	  
ancient	  DNA.4,5,6,7,8,9,10,11	  Another	  study	  using	  a	  very	  different	  methodology	  
(singleton	  density	  scores,	  SDS)	  found	  that	  height-‐increasing	  alleles	  have	  
systematically	  more	  recent	  coalescent	  times	  in	  the	  United	  Kingdom	  (UK)	  consistent	  
with	  selection	  for	  increased	  height	  over	  the	  last	  few	  thousand	  years.12	  	  

All	  of	  these	  studies	  have	  been	  based	  on	  SNP	  associations,	  in	  most	  cases	  with	  
effect	  sizes	  discovered	  by	  the	  GIANT	  Consortium,	  which	  most	  recently	  combined	  79	  
individual	  GWAS	  through	  meta-‐analysis,	  encompassing	  a	  total	  of	  253,288	  
individuals.13,14	  Here,	  we	  show	  that	  the	  selection	  effects	  described	  in	  these	  studies	  
are	  severely	  attenuated	  and	  in	  some	  cases	  no	  longer	  significant	  when	  using	  
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summary	  statistics	  derived	  from	  the	  UK	  Biobank,	  an	  independent	  and	  larger	  single	  
study	  avoiding	  meta-‐analysis	  that	  includes	  336,474	  genetically	  unrelated	  
individuals	  who	  derive	  their	  ancestry	  almost	  entirely	  from	  British	  Isles	  (identified	  
as	  “white	  British	  ancestry”	  by	  the	  UK	  Biobank).	  The	  UK	  Biobank	  analysis	  is	  based	  on	  
a	  single	  cohort	  drawn	  from	  a	  relatively	  homogeneous	  population	  enabling	  excellent	  
control	  of	  potential	  population	  stratification.	  Our	  analysis	  of	  the	  UK	  Biobank	  data	  
confirms	  that	  almost	  all	  genome-‐wide	  significant	  loci	  discovered	  by	  the	  GIANT	  
consortium	  are	  real	  associations	  (and	  the	  genetic	  correlation	  between	  the	  two	  
height	  studies	  is	  0.94	  [se=0.0078]).	  However,	  our	  analysis	  yields	  qualitatively	  
different	  conclusions	  with	  respect	  to	  signals	  of	  polygenic	  adaptation.	  	  

We	  began	  by	  estimating	  “polygenic	  height	  scores”—sums	  of	  allele	  
frequencies	  at	  independent	  SNPs	  from	  GIANT	  weighted	  by	  their	  effect	  sizes—to	  
study	  population	  level	  differences	  among	  ancient	  and	  present-‐day	  European	  
samples.	  We	  used	  a	  set	  of	  different	  significance	  thresholds	  and	  strategies	  to	  correct	  
for	  linkage	  disequilibrium	  as	  employed	  by	  previous	  studies,	  and	  replicated	  their	  
signals	  for	  significant	  differences	  in	  genetic	  height	  across	  populations.4,5,6,7,8,9,10,11	  
(Figure	  1a,	  Supplementary	  Figure	  S1).	  We	  then	  repeated	  the	  analysis	  using	  
summary	  statistics	  from	  a	  GWAS	  for	  height	  in	  the	  UK	  Biobank	  restricting	  to	  
individuals	  of	  British	  Isles	  ancestry	  and	  correcting	  for	  population	  stratification	  
based	  on	  the	  first	  ten	  principal	  components	  (UKB).15	  This	  analysis	  resulted	  in	  a	  
dramatic	  attenuation	  of	  differences	  in	  polygenic	  height	  scores	  (Figure	  1a,	  
Supplementary	  Figures	  S1-‐S3).	  The	  differences	  between	  ancient	  European	  
populations	  also	  greatly	  attenuated	  (Figure	  1a,	  Supplementary	  Figure	  S4).	  
Strikingly,	  the	  ordering	  of	  the	  scores	  for	  populations	  also	  changed	  depending	  on	  
which	  GWAS	  was	  used	  to	  estimate	  genetic	  height	  both	  within	  Europe	  (Figure	  1a,	  
Supplementary	  Figures	  S1-‐S4)	  and	  globally	  (Supplementary	  Figure	  S5),	  
consistent	  with	  reports	  from	  a	  recent	  simulation	  study.16	  The	  height	  scores	  were	  
qualitatively	  similar	  only	  when	  we	  restricted	  to	  independent	  genome-‐wide	  
significant	  SNPs	  in	  GIANT	  and	  the	  UK	  Biobank	  (P	  <	  5x10-‐8)	  (Supplementary	  Figure	  
S1b).	  This	  replicates	  the	  originally	  reported	  significant	  north-‐south	  difference	  in	  the	  
allele	  frequency	  of	  the	  height-‐increasing	  allele4	  or	  in	  genetic	  height5	  across	  Europe,	  
as	  well	  as	  the	  finding	  of	  greater	  genetic	  height	  in	  ancient	  European	  steppe	  
pastoralists	  than	  in	  ancient	  European	  farmers,6	  although	  the	  signals	  are	  attenuated	  
even	  here.	  This	  suggests	  that	  tests	  of	  polygenic	  adaptation	  based	  on	  genome-‐wide	  
significant	  SNPs	  may	  be	  relatively	  insensitive	  to	  confounding	  (Supplementary	  
Figure	  S1b),	  and	  that	  confounding	  due	  to	  stratification	  is	  most	  likely	  to	  arise	  from	  
sub-‐significant	  SNPs	  (Figure	  1a,	  Supplementary	  Figure	  S1a).	  	  

Next,	  we	  looked	  at	  polygenic	  adaptation	  within	  the	  UK	  using	  the	  “singleton	  
density	  score”	  (SDS)—an	  independent	  measure	  that	  uses	  the	  local	  density	  of	  alleles	  
that	  occur	  only	  once	  in	  the	  sample	  as	  a	  proxy	  for	  coalescent	  branch	  lengths.12,17	  SDS	  
can	  be	  combined	  with	  GWAS	  effect	  sizes	  estimates	  by	  aligning	  the	  SDS	  sign	  to	  the	  
trait-‐increasing	  allele,	  after	  which	  it	  is	  referred	  to	  as	  tSDS.	  A	  tSDS	  score	  larger	  than	  
zero	  implies	  that	  height-‐increasing	  alleles	  have	  been	  increasing	  in	  frequency	  over	  
time	  due	  to	  natural	  selection.	  We	  replicate	  the	  finding	  that	  tSDS	  computed	  in	  the	  
UK10K	  is	  positively	  rank-‐correlated	  with	  GIANT12	  height	  P	  values	  (Spearman’s	  ρ	  =	  
0.078,	  P	  =	  1.55	  x	  10-‐65,	  Figure	  1b).	  However,	  this	  signal	  of	  polygenic	  adaptation	  in	  
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the	  UK	  attenuated	  when	  we	  used	  UK	  Biobank	  height	  effect	  size	  estimates	  and	  P	  
values	  and	  became	  formally	  non-‐significant	  (ρ	  =	  0.009,	  P	  =	  0.077,	  Figure	  1b).	  	  

We	  propose	  that	  the	  qualitative	  difference	  between	  the	  polygenic	  adaptation	  
signals	  in	  GIANT	  and	  the	  UK	  Biobank	  is	  the	  cumulative	  effect	  of	  subtle	  biases	  in	  each	  
of	  the	  contributing	  SNPs	  in	  GIANT.	  This	  bias	  can	  arise	  due	  to	  incomplete	  control	  of	  
the	  population	  structure	  in	  GWAS.18	  For	  example,	  if	  height	  were	  differentiated	  along	  
a	  north-‐south	  axis	  because	  of	  differences	  in	  environment,	  any	  variant	  that	  is	  
differentiated	  in	  frequency	  along	  the	  same	  axis	  would	  have	  an	  artifactually	  large	  
effect	  size	  estimated	  in	  the	  GWAS.	  	  Population	  structure	  is	  substantially	  less	  well	  
controlled	  for	  in	  the	  GIANT	  study	  than	  in	  the	  UK	  Biobank	  study,	  both	  because	  the	  
GIANT	  study	  population	  is	  more	  heterogeneous	  than	  that	  in	  the	  UK	  Biobank,	  and	  
because	  the	  population	  structure	  in	  GIANT	  may	  not	  have	  been	  well	  controlled	  in	  
some	  cohorts	  due	  to	  the	  relatively	  small	  size	  of	  individual	  studies	  (i.e.,	  the	  ability	  to	  
detect	  and	  correct	  population	  structure	  is	  dependent	  on	  sample	  size19,20).	  	  The	  
GIANT	  study	  also	  found	  that	  such	  stratification	  effects	  worsen	  as	  SNPs	  below	  
genome-‐wide	  significance	  are	  used	  to	  estimate	  height	  scores,14	  consistent	  with	  our	  
finding	  that	  the	  differences	  in	  genetic	  height	  increase	  when	  including	  these	  SNPs.	  

To	  obtain	  further	  insight	  into	  our	  observed	  discrepancy	  between	  polygenic	  
adaptation	  signals	  in	  GIANT	  vs	  the	  UK	  Biobank,	  we	  repeated	  our	  analyses	  using	  
estimates	  of	  height	  effect	  sizes	  computed	  using	  different	  methods,	  and	  then	  
interrogated	  each	  of	  these	  for	  signs	  of	  population	  structure.	  Repeating	  our	  analysis	  
with	  family-‐based	  effect	  size	  estimates	  from	  an	  independent	  study	  (NG2015	  sibs),7	  
we	  found	  evidence	  for	  significant	  differences	  in	  polygenic	  scores	  between	  northern	  
and	  southern	  Europeans	  that	  were	  qualitatively	  similar	  to	  those	  obtained	  using	  
GIANT	  effect	  size	  estimates	  (Supplementary	  Figure	  S3-‐S4).	  Inclusion	  of	  
individuals	  from	  the	  UK	  Biobank	  who	  were	  not	  of	  British	  Isles	  ancestry	  without	  
controlling	  for	  population	  structure	  (UKB	  all	  no	  PCs)	  in	  the	  measurements	  of	  effect	  
sizes	  also	  produced	  this	  pattern	  (Supplementary	  Figure	  S2-‐S4).	  Thus,	  UK	  Biobank	  
estimates	  that	  retain	  population	  structure	  show	  similar	  patterns	  to	  GIANT	  and	  
previously	  published	  family-‐based	  estimates	  (NG	  2015	  sibs).	  	  In	  contrast,	  no	  
significant	  signals	  of	  genetic	  stratification	  of	  height	  or	  a	  strong	  tSDS	  signal	  are	  
present	  across	  populations	  from:	  1)	  a	  genetically	  homogeneous	  sample	  of	  UK	  
Biobank	  with	  entirely	  British	  Isles	  ancestry	  without	  controlling	  for	  population	  
structure	  (UKB	  WB	  no	  PCs),	  or	  2)	  effect	  size	  estimates	  based	  on	  UK	  Biobank	  families	  
(UKB	  sibs,	  UKB	  sibs	  WB)	  (Supplementary	  Figures	  S2-‐S4,	  S6-‐S7).	  These	  analyses	  
further	  suggest	  that	  the	  lack	  of	  signal	  in	  the	  UK	  biobank	  analysis	  is	  unlikely	  to	  be	  
simply	  due	  to	  over-‐correction	  for	  structure	  in	  the	  original	  UKB	  estimates.	  	  

Indeed,	  we	  confirmed	  that	  population	  structure	  is	  more	  correlated	  with	  
effect	  size	  estimates	  in	  GIANT	  than	  to	  those	  in	  the	  UK	  Biobank.	  Figure	  2a	  shows	  
that	  the	  effect	  sizes	  estimated	  in	  GIANT	  are	  highly	  correlated	  with	  the	  SNP	  loadings	  
of	  several	  principal	  components	  of	  population	  structure	  (PC	  loadings).	  Previously	  
published	  family-‐based	  effect	  size	  estimates7	  (NG	  2015	  sibs)	  are	  similarly	  correlated	  
with	  the	  PC	  loadings	  showing	  that	  they	  are	  also	  affected	  	  by	  population	  structure	  
despite	  being	  computed	  within	  families;	  in	  other	  words,	  these	  empirical	  analyses	  
show	  that	  these	  effect	  size	  estimates	  are	  not	  free	  from	  concerns	  about	  population	  
structure	  either.	  The	  within-‐family	  design	  is	  not	  problematic	  on	  its	  own	  as	  our	  UK	  
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Biobank	  family	  estimates	  (UKB	  sibs,	  UKB	  sibs	  WB)	  computed	  using	  the	  same	  
method	  do	  not	  show	  any	  stratification	  effects	  (Supplementary	  Figure	  S8-‐S9).	  We	  
do	  not	  see	  a	  strong	  correlation	  with	  PC	  loadings	  in	  our	  UK	  Biobank	  estimates	  
computed	  from	  unrelated	  individuals	  (UKB)	  either	  (Figure	  2a).	  However,	  the	  UK	  
Biobank	  estimates	  including	  individuals	  not	  of	  British	  Isles	  ancestry	  and	  not	  
correcting	  for	  population	  structure	  (UKB	  all	  no	  PCs)	  show	  the	  same	  stratification	  
effects	  as	  GIANT	  and	  NG2015	  sibs	  (Supplementary	  Figure	  S8).	  Similarly,	  we	  find	  
that	  alleles	  that	  are	  more	  common	  in	  the	  Great	  Britain	  population	  (GBR)	  than	  in	  the	  
Tuscan	  population	  from	  Italy	  (TSI)	  tend	  to	  be	  preferentially	  height-‐increasing	  
according	  to	  the	  GIANT	  and	  NG2015	  sibs	  estimates	  but	  not	  according	  to	  the	  UKB	  
estimates	  (Figure	  2c,	  Supplementary	  Figures	  S9,	  S19).	  

The	  tSDS	  analysis	  should	  be	  robust	  to	  the	  type	  of	  population	  structure	  
discussed	  above.12	  However,	  there	  is	  also	  a	  north-‐south	  cline	  in	  singleton	  density	  in	  
Europe,	  with	  singleton	  density	  being	  lower	  in	  northern	  than	  in	  southern	  regions.21	  
This	  cline	  in	  singleton	  density	  coincidentally	  parallels	  the	  phenotypic	  cline	  in	  height	  
and	  the	  major	  axis	  of	  genome-‐wide	  genetic	  variation.	  Therefore,	  when	  we	  perform	  
the	  tSDS	  test	  using	  GIANT-‐estimated	  effect	  sizes	  and	  P	  values,	  we	  find	  fewer	  
singletons	  around	  the	  inferred	  height-‐increasing	  alleles	  which	  tend,	  due	  to	  the	  
uncontrolled	  population	  stratification	  in	  GIANT,	  to	  be	  at	  high	  frequency	  in	  northern	  
Europe	  (Figures	  2c).	  This	  effect	  thus	  does	  not	  appear	  when	  we	  use	  UK	  Biobank	  
summary	  statistics	  because	  of	  the	  much	  lower	  level	  of	  population	  stratification	  and	  
more	  modest	  variation	  in	  height.	  We	  confirmed	  that	  the	  tSDS	  statistic	  is	  correlated	  
with	  principal	  components	  across	  all	  SNPs	  (Figure	  2b),	  and	  that	  alleles	  that	  are	  
more	  common	  in	  GBR	  than	  in	  TSI	  tend	  to	  produce	  higher	  tSDS	  scores	  (Figure	  2d).	  	  

A	  striking	  pattern	  of	  the	  GIANT	  height	  tSDS	  signal	  is	  its	  almost	  linear	  increase	  
over	  the	  whole	  range	  of	  P	  values	  (Figure	  1b).	  This	  is	  not	  expected	  if	  the	  effect	  was	  
driven	  by	  natural	  selection	  (because	  we	  expect	  that	  not	  all	  SNPs	  will	  be	  linked	  with	  
SNPs	  that	  affect	  height)	  and	  is	  not	  observed	  with	  UK	  Biobank	  effect	  sizes	  and	  P	  
values	  (Figure	  1b).	  We	  further	  find	  that	  the	  tSDS	  signal	  which	  is	  observed	  across	  
the	  whole	  range	  of	  P	  values	  in	  some	  summary	  statistics	  can	  be	  mimicked	  by	  
replacing	  SDS	  with	  GBR-‐TSI	  allele	  frequency	  differences	  (Figures	  3a,	  3c,	  
Supplementary	  Figures	  S6-‐S7,	  S10-‐S11),	  suggesting	  that	  the	  tSDS	  signal	  at	  non-‐
significant	  SNPs	  is	  driven	  by	  uncorrected	  stratification.	  However,	  as	  with	  the	  
polygenic	  score	  analysis,	  a	  small	  but	  significant	  effect	  is	  observed	  when	  we	  restrict	  
to	  genome-‐wide	  significant	  SNPs	  (P	  <	  5	  x	  10-‐8).	  This	  effect	  persists	  when	  using	  UK	  
Biobank	  family-‐based	  estimates	  for	  genome-‐wide	  significant	  SNPs	  (Figure	  3b),	  and	  
is	  not	  driven	  by	  allele	  frequency	  differences	  between	  GBR	  and	  TSI	  (Figure	  3d),	  
suggesting	  a	  true	  but	  attenuated	  signal	  of	  polygenic	  adaptation	  in	  the	  UK	  that	  is	  
driven	  by	  a	  much	  smaller	  number	  of	  SNPs	  than	  previously	  thought.	  	  	  
	   	  Lastly,	  we	  asked	  whether	  any	  remaining	  differences	  in	  polygenic	  height	  
scores	  among	  populations	  are	  driven	  by	  polygenic	  selection	  by	  using	  the	  Qx	  
framework	  to	  test	  against	  a	  null	  model	  of	  genetic	  drift.5	  We	  re-‐computed	  polygenic	  
height	  scores	  in	  the	  POPRES	  dataset	  for	  this	  analysis	  as	  it	  has	  larger	  sample	  sizes	  of	  
northern	  and	  southern	  Europeans	  than	  the	  1000	  Genomes	  project.22	  We	  computed	  
height	  scores	  using	  independent	  SNPs	  that	  are	  1)	  genome-‐wide	  significant	  in	  the	  UK	  
Biobank	  (“gw-‐sig”,	  P	  <	  5	  x	  10-‐8)	  and	  2)	  sub-‐significantly	  associated	  with	  height	  
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(“sub-‐sig”,	  P	  <	  0.01)	  in	  different	  GWAS	  datasets.	  For	  each	  of	  these,	  we	  tested	  if	  
population	  differences	  were	  significant	  due	  to	  an	  overall	  overdispersion	  (PQx),	  and	  if	  
they	  were	  significant	  along	  a	  north-‐south	  cline	  (Plat)	  (Figure	  4).	  Both	  gw-‐sig	  and	  
sub-‐sig	  SNP-‐based	  scores	  computed	  using	  GIANT	  effect	  sizes	  showed	  significant	  
overdispersion	  of	  height	  scores	  overall	  and	  along	  a	  latitude	  cline,	  consistent	  with	  
previous	  results	  (Figure	  4).	  However,	  the	  signal	  attenuated	  dramatically	  between	  
sub-‐sig	  (Qx	  =	  1100,	  PQx	  =	  1	  x	  10-‐220)	  and	  gw-‐sig	  (Qx	  =	  48,	  PQx	  =	  2	  x	  10-‐4)	  height	  scores.	  
In	  comparison,	  scores	  that	  were	  computed	  using	  the	  UK	  Biobank	  	  (UKB)	  effect	  sizes	  
showed	  substantially	  attenuated	  differences	  using	  both	  sub-‐sig	  (Qx	  =64,	  PQx	  =	  	  5	  x	  
10-‐7)	  and	  gw-‐sig	  (Qx	  =	  33,	  PQx	  =	  0.02)	  SNPs,	  and	  a	  smaller	  difference	  between	  the	  
two	  scores.	  This	  suggests	  that	  the	  attenuation	  of	  the	  signal	  in	  GIANT	  is	  not	  only	  
driven	  by	  a	  loss	  of	  power	  when	  using	  fewer	  gw-‐sig	  SNPs,	  but	  also	  reflects	  a	  decrease	  
in	  stratification	  effects.	  The	  overdispersion	  signal	  disappeared	  entirely	  when	  the	  UK	  
Biobank	  family	  based	  effect	  sizes	  were	  used	  (Figure	  4).	  Moreover,	  there	  is	  likely	  
residual	  population	  structure	  even	  within	  the	  UK	  Biobank,23	  as	  randomly	  
ascertained	  Qx	  P	  values	  based	  on	  the	  UK	  Biobank	  summary	  statistics	  are	  not	  
uniformly	  distributed	  as	  would	  be	  expected	  if	  population	  structure	  was	  absent	  
(Supplementary	  Figure	  S15).	  Therefore,	  we	  remain	  cautious	  about	  interpreting	  
any	  residual	  signals	  as	  “real”	  signals	  of	  polygenic	  adaptation.	  	  

In	  sum,	  estimates	  of	  population	  differences	  in	  polygenic	  height	  scores	  are	  
strikingly	  attenuated	  with	  the	  UK	  Biobank	  GWAS	  data	  relative	  to	  previous	  analyses.	  	  
We	  find	  some	  evidence	  for	  population-‐level	  differences	  in	  genetic	  height,	  but	  it	  can	  
only	  be	  robustly	  seen	  at	  highly	  significant	  SNPs,	  because	  any	  signal	  at	  less	  
significant	  P	  values	  is	  dominated	  by	  the	  effect	  of	  residual	  population	  structure.	  Even	  
genome-‐wide	  significant	  SNPs	  in	  these	  analyses	  may	  be	  subtly	  affected	  by	  
population	  structure,	  leading	  to	  continued	  overestimation	  of	  the	  effect.	  	  Thus,	  it	  is	  
difficult	  to	  arrive	  at	  any	  quantitative	  conclusion	  regarding	  the	  proportion	  of	  the	  
population	  differences	  that	  are	  due	  to	  statistical	  biases	  vs.	  population	  stratification	  
of	  genetic	  height.	  It	  is	  equally	  challenging	  to	  test	  whether	  differences	  in	  genetic	  
height	  are	  due	  to	  adaptation	  in	  response	  to	  environmental	  differences,	  migration	  
and	  admixture	  (e.g.	  fraction	  of	  Steppe	  pastoralist	  ancestry),	  or	  relaxation	  of	  negative	  
selection.	  Further,	  estimates	  of	  the	  number	  of	  independent	  genetic	  loci	  contributing	  
to	  height	  variation	  are	  sensitive	  to	  and	  likely	  confounded	  by	  residual	  population	  
stratification.	  

We	  conclude	  that	  while	  GIANT	  SNP	  effect	  estimates	  are	  highly	  concordant	  
with	  the	  UK	  Biobank	  individually	  (Supplementary	  Tables	  S4-‐S6,	  Supplementary	  
Figure	  S18),	  they	  are	  also	  influenced	  by	  residual	  population	  stratification	  that	  can	  
mislead	  inferences	  about	  polygenic	  selection	  across	  populations	  in	  aggregate.	  
Although	  these	  biases	  are	  subtle,	  in	  the	  context	  of	  tests	  for	  polygenic	  adaptation,	  
which	  are	  driven	  by	  small	  systematic	  shifts	  in	  allele	  frequency,	  they	  can	  create	  
highly	  significant	  artificial	  signals	  especially	  when	  SNPs	  that	  are	  not	  genome-‐wide	  
significant	  are	  used	  to	  estimate	  genetic	  height.	  In	  no	  way	  do	  our	  results	  question	  the	  
reliability	  of	  the	  genome-‐wide	  significant	  associations	  discovered	  in	  the	  GIANT	  
cohort	  or	  the	  validity	  of	  the	  statistical	  methodology	  used	  in	  previously	  reported	  
polygenic	  tests	  for	  adaptation.	  However,	  we	  urge	  caution	  in	  the	  interpretation	  of	  
genome-‐wide	  signals	  of	  polygenic	  adaption	  that	  are	  based	  on	  large	  number	  of	  sub-‐
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significant	  SNPs–particularly	  when	  using	  effect	  sizes	  derived	  from	  meta-‐analysis	  of	  
heterogeneous	  cohorts	  which	  may	  be	  unable	  to	  fully	  control	  for	  population	  
structure.	  	  	  
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Figure	  1.	  Polygenic	  height	  scores	  and	  tSDS	  scores	  based	  on	  GIANT	  and	  UK	  Biobank	  
GWAS.	  
Polygenic	  scores	  in	  present-‐day	  and	  ancient	  European	  populations	  are	  shown,	  centered	  by	  the	  
average	  score	  across	  populations	  and	  standardized	  by	  the	  square	  root	  of	  the	  additive	  variance.	  
Independent	  SNPs	  for	  the	  polygenic	  score	  from	  both	  GIANT	  (red)	  and	  the	  UK	  Biobank	  (blue)	  were	  
selected	  by	  picking	  the	  SNP	  with	  the	  lowest	  P	  value	  in	  each	  of	  1700	  independent	  LD	  blocks	  similarly	  
to	  refs	  [8,9](see	  methods).	  Present-‐day	  populations	  are	  shown	  from	  Northern	  Europe	  (CEU,	  GBR)	  
and	  Southern	  Europe	  (IBS,	  TSI)	  from	  the	  1000	  genomes	  project.	  Ancient	  populations	  are	  shown	  in	  
three	  meta-‐populations	  (HG	  =	  Hunter-‐Gatherer	  (n=162	  individuals),	  EF	  =	  Early	  Farmer	  (n=485	  
individuals),	  and	  SP	  =	  Steppe	  Ancestry	  (n=465	  individuals)).	  Error	  bars	  are	  drawn	  at	  95%	  credible	  
intervals.	  See	  Supplementary	  figures	  S1-‐S5	  for	  polygenic	  height	  scores	  computed	  using	  other	  linkage	  
disequilibrium	  pruning	  procedures,	  significance	  thresholds,	  summary	  statistics	  and	  populations.	  (b)	  
tSDS	  for	  height-‐increasing	  allele	  in	  GIANT	  (left)	  and	  UK	  Biobank	  (right).	  	  The	  tSDS	  method	  was	  
applied	  using	  pre-‐computed	  Singleton	  Density	  Scores	  for	  4,451,435	  autosomal	  SNPs	  obtained	  from	  
3,195	  individuals	  from	  the	  UK10K	  project12,17	  for	  SNPs	  associated	  with	  height	  in	  GIANT	  and	  the	  UK	  
biobank.	  SNPs	  were	  ordered	  by	  GWAS	  P	  value	  and	  grouped	  into	  bins	  of	  1000	  SNPs	  each.	  The	  mean	  
tSDS	  score	  within	  each	  P	  value	  bin	  is	  shown	  on	  the	  y-‐axis.	  The	  Spearman	  correlation	  coefficient	  
between	  the	  tSDS	  scores	  and	  GWAS	  P	  values,	  as	  well	  as	  the	  correlation	  standard	  errors	  and	  P	  values,	  
were	  computed	  on	  the	  un-‐binned	  data.	  The	  gray	  line	  indicates	  the	  null-‐expectation,	  and	  the	  colored	  
lines	  are	  the	  linear	  regression	  fit.	  The	  correlation	  is	  significant	  for	  GIANT	  (Spearman	  r	  =	  0.078,	  P	  =	  
1.55	  x	  10-‐65)	  but	  not	  for	  UK	  Biobank	  (Spearman	  r	  =	  -‐0.009,	  P	  =	  0.077).	  
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Spearman r: 0.078

P value: 2 x 10−65
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Figure	  2.	  Evidence	  of	  stratification	  in	  height	  summary	  statistics.	  
Top	  row:	  Pearson	  Correlation	  coefficients	  of	  (a)	  PC	  loadings	  and	  height	  beta	  coefficients	  
from	  GIANT	  and	  UKB,	  and	  (b)	  PC	  loadings	  and	  SDS	  (pre-‐computed	  in	  the	  UK10K)	  across	  all	  
SNPs.	  PCs	  were	  computed	  in	  all	  1000	  genomes	  phase	  1	  samples.	  Colors	  indicate	  the	  
correlation	  of	  each	  PC	  loading	  with	  the	  allele	  frequency	  difference	  between	  GBR	  and	  TSI,	  a	  
proxy	  for	  the	  European	  North-‐South	  genetic	  differentiation.	  PC	  4	  and	  11	  are	  most	  highly	  
correlated	  with	  the	  GBR	  -‐	  TSI	  allele	  frequency	  difference.	  Confidence	  intervals	  and	  P	  values	  
are	  based	  on	  Jackknife	  standard	  errors	  (1000	  blocks).	  Open	  circles	  indicate	  correlations	  
significant	  at	  alpha	  =	  0.05,	  stars	  indicate	  correlations	  significant	  after	  Bonferroni	  correction	  
in	  20	  PCs	  (P	  <	  0.0025).	  
Bottom	  row:	  Heat	  map	  after	  binning	  all	  SNPs	  by	  GBR	  and	  TSI	  minor	  allele	  frequency	  of	  (c)	  
mean	  beta	  coefficients	  from	  GIANT	  and	  UKB,	  and	  (d)	  SDS	  scores	  for	  all	  SNPs.	  Only	  bins	  with	  
at	  least	  300	  SNPs	  are	  shown.	  While	  the	  stratification	  effect	  in	  SDS	  is	  not	  unexpected,	  it	  can	  
lead	  to	  false	  conclusions	  when	  applied	  to	  summary	  statistics	  that	  exhibit	  similar	  
stratification	  effects.	  UKB	  height	  betas	  exhibit	  stratification	  effects	  that	  are	  weaker,	  and	  in	  
the	  opposite	  direction	  of	  the	  stratification	  effects	  in	  GIANT	  (see	  Figure	  S14	  for	  a	  possible	  
explanation).	  
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Figure	  3.	  Height	  tSDS	  results	  for	  different	  summary	  statistics.	  
(a)	  Mean	  tSDS	  of	  the	  height	  increasing	  allele	  in	  each	  P	  value	  bin	  for	  six	  different	  summary	  
statistics.	  The	  first	  two	  panels	  are	  computed	  analogously	  to	  Figure	  4A	  and	  Figure	  S22	  in	  
Field	  et	  al.	  In	  contrast	  to	  those	  Figures	  and	  to	  Figure	  1b,	  the	  displayed	  betas	  and	  P	  values	  
correspond	  to	  the	  slope	  and	  P	  value	  of	  the	  linear	  regression	  across	  all	  un-‐binned	  SNPs	  
(rather	  than	  the	  Spearman	  correlation	  coefficient	  and	  Jackknife	  P	  values).	  The	  y-‐axis	  has	  
been	  truncated	  at	  0.75,	  and	  does	  not	  show	  the	  top	  bin	  for	  UKB	  all	  no	  PCs,	  which	  has	  a	  mean	  
tSDS	  of	  1.5.	  See	  Figure	  S6	  for	  other	  GWAS	  summary	  statistics.	  (b)	  tSDS	  distribution	  of	  the	  
height	  increasing	  allele	  in	  506	  LD-‐independent	  SNPs	  which	  are	  genome-‐wide	  significant	  in	  a	  
UKB	  height	  GWAS,	  where	  the	  beta	  coefficient	  is	  taken	  from	  a	  within	  sibling	  analysis	  in	  the	  
UKB.	  The	  gray	  curve	  represents	  the	  standard	  normal	  null	  distribution,	  and	  we	  observe	  a	  
significant	  shift	  providing	  confirmation	  of	  a	  real	  SDS	  signal	  of	  polygenic	  adaptation	  for	  
height.	  (c)	  Allele	  frequency	  difference	  between	  GBR	  and	  TSI	  of	  the	  height	  increasing	  allele	  in	  
each	  P	  value	  bin	  for	  six	  different	  summary	  statistics.	  Betas	  and	  P	  values	  correspond	  to	  the	  
slope	  and	  P	  value	  of	  the	  linear	  regression	  across	  all	  un-‐binned	  SNPs.	  The	  lowest	  P	  value	  bin	  
in	  UKB	  all	  no	  PCs	  with	  a	  y-‐axis	  value	  of	  0.06	  has	  been	  omitted.	  See	  Figure	  S10	  for	  other	  
GWAS	  summary	  statistics.	  (d)	  Allele	  frequency	  difference	  between	  GBR	  and	  TSI	  of	  the	  
height	  increasing	  allele	  in	  329	  LD-‐independent	  SNPs	  which	  are	  genome-‐wide	  significant	  in	  a	  
UKB	  height	  GWAS	  and	  were	  intersecting	  with	  our	  set	  of	  1000	  genomes	  SNPs.	  There	  is	  no	  
significant	  difference	  in	  frequency	  in	  these	  two	  populations,	  suggesting	  that	  tSDS	  shift	  at	  the	  
gw-‐significant	  SNPs	  is	  not	  driven	  by	  population	  stratification.	  	  
The	  patterns	  shown	  here	  suggest	  that	  the	  positive	  tSDS	  values	  across	  the	  whole	  range	  of	  P	  
values	  is	  a	  consequence	  of	  residual	  stratification.	  At	  the	  same	  time,	  the	  increase	  in	  tSDS	  at	  
genome-‐wide	  significant,	  LD-‐independent	  SNPs	  in	  (b)	  cannot	  be	  explained	  by	  GBR	  -‐	  TSI	  
allele	  frequency	  differences	  as	  shown	  in	  (d).	  Binning	  SNPs	  by	  P	  value	  without	  LD-‐pruning	  
can	  lead	  to	  unpredictable	  patterns	  at	  the	  low	  P	  value	  end,	  as	  the	  SNPs	  at	  the	  low	  P	  value	  end	  
are	  less	  independent	  of	  each	  other	  than	  higher	  P	  value	  SNPs	  (Figure	  S12).	  Figures	  S7	  and	  
S11	  therefore	  show	  the	  same	  data	  for	  a	  set	  of	  LD-‐pruned	  SNPs.	  	  
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b :  0.3
P :  2e−22
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b :  0.3
P :  5e−79
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b :  0.05
P :  0.01 ●
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b :  0.02
P :  2e−23
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b :  0.02
P :  9e−82
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b :  −0.006
P :  1e−07

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●
●

●●

●

●

●

●

●
●

●

●

●●

●
●
●

●

●●

●

●

●

●●
●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●
●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●
●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●●

●

●

●
●

●

●

●●
●●

●

●

●

●

●

●

●
●

●

●

●

●

●
●
●

●

●

●
●

●●

●

●

●

●

●

●●

●
●●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●
●

●

●●

●●

●

●

●

●
●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●
●

●

●

●

●

●

●

●●

●

●
●

●
●

●●●

●

●
●

●

●

●

●

●

●●

●

●
●

●●●●

●

●

●

●

●
●

●

●

●●

●●

●

●

●

●

b :  0.002
P :  0.1
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Figure	  4.	  	  Polygenic	  height	  scores	  in	  POPRES	  populations	  show	  a	  residual	  albeit	  
attenuated	  signal	  of	  polygenic	  adaptation	  for	  height.	  
Standardized	  polygenic	  height	  scores	  from	  six	  summary	  statistics	  for	  19	  POPRES	  
populations	  with	  at	  least	  10	  samples	  per	  population,	  ordered	  by	  latitude	  (see	  Table	  S3).	  The	  
grey	  line	  is	  the	  linear	  regression	  fit	  to	  the	  mean	  polygenic	  scores	  per	  population.	  Error	  bars	  
represent	  95%	  confidence	  intervals	  and	  are	  calculated	  in	  the	  same	  way	  as	  in	  Figure	  1.	  
SNPs	  which	  were	  overlapping	  between	  each	  set	  of	  the	  summary	  statistics	  and	  the	  POPRES	  
SNPs	  were	  clumped	  using	  PLINK	  1.9	  with	  parameters	  r^2	  <	  0.1,	  1	  Mb	  distance,	  P	  <	  1.	  
(Top)	  A	  number	  of	  independent	  SNPs	  was	  chosen	  for	  each	  summary	  statistic	  to	  match	  the	  
number	  of	  SNPs	  which	  remained	  when	  clumping	  UKB	  at	  P	  <	  0.01.	  
(Bottom)	  A	  set	  of	  independent	  SNPs	  with	  P	  <	  5	  x	  10-‐8	  in	  the	  UK	  Biobank	  was	  selected	  and	  
used	  to	  compute	  polygenic	  scores	  along	  with	  effect	  size	  estimates	  from	  each	  of	  the	  different	  
summary	  statistics.	  	  
SNP	  numbers	  for	  each	  panel	  (P	  <	  0.01	  /	  P	  <	  5	  x	  10-‐8):	  GIANT:	  9463	  /	  869;	  UKB	  all	  no	  PCs:	  
9341	  /	  359;	  UKB:	  9341	  /	  1034;	  UKB	  sibs	  WB:	  9391	  /	  380.	  The	  numbers	  on	  each	  plot	  show	  
the	  Qx	  P	  value	  and	  the	  latitude	  covariance	  P	  value	  respectively	  for	  each	  summary	  statistic.	  
See	  Supplementary	  Figure	  S13,	  S16	  and	  S17	  for	  other	  clumping	  strategies	  and	  GWAS	  
summary	  statistics.	   
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